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ABSTRACT 
Grah, Michael Daniel. Ph.D., Purdue University, December 1993. The Effect 
of Texture and Microstructure on Equibiaxial Fracture in Gallium Embrittled 
Aluminum Sheet. Major Professor: Keith J. Bowman. 
The effect of crystallographic texture and microstructure on 
intergranular fracture in embrittled aluminum sheets was examined using 
liquid metal embrittlement in biaxial fracture experiments. Liquid metal 
embrittlement was induced by contact and penetration with liquid gallium in 
rolled aluminum sheets possessing {112}<111> primary recrystallization 
texture . After selective embrittlement, specimens were loaded in equibiaxial 
tension to brittle intergranular fracture. Primary radial cracks formed either 
approximately parallel or perpendicular to the sheet rolling direction. 
Secondary cracks formed nearly orthogonal to the primary crack direction. 
Possible mechanisms for both cases of crack directionality are discussed. In 
the gallium embrittled sheets, fracture propagated by the initiation and 
coalescence of multiple collinear cracks. 
Approximately two-dimensional microstructures were produced in 
aluminum sheets. They were similarly embrittled and fractured to study 
local microstructural effects on thru-thickness crack initiation and 
propagation. Grain boundary orientations were measured by the Kikuchi 
xv 
electron backscattering technique and the boundaries were analyzed by the 
Coincident Site Lattice (CSL) Model. Crack tip blunting events were observed 
in the 2D specimens when coalescing intergranular cracks intersected facets 
with ~1 to ~9 coincidence. In the textured specimens, similar blunting events 
were explained as the intersection of growing cracks with regions containing 
dense concentrations of low~ CSL grain boundaries. These boundaries were 
found highly resistant to gallium penetration and embrittlement relative to 
other grain boundaries. 
1 
CHAPTER 1 - INTRODUCTION 
Many solid metals are susceptible to grain boundary penetration when 
contacted by other liquid metals [1,2]. This is a common phenomenon and 
has been cited as the cause of embrittlement during many metallurgical 
processes. For instance, the presence of zinc during welding of austenitic 
steels has been linked to grain boundary embrittlement at the weld [1]. 
Similarly, sulfur present in steel can form liquid FeS during hot rolling at 
temperatures greater than 988°C. The liquid FeS penetrates through the grain 
boundaries and results in intergranular brittleness known as hot shortness [3]. 
Considerable research as been conducted to understand and control liquid 
metal embrittlement (LME) [1,2]. Most of this research has been directed at 
discovering the metal combinations and temperatures where LME is 
observed. Few studies have explored the failure of these embrittled metals 
with a focus on microstructure. 
In embrittled metal polycrystals, the nature of the grain boundaries 
plays a large role in local crack initiation and propagation. Experimental and 
theoretical evidence suggests that boundary properties vary with both crystal 
misorientation and the boundary plane at the interface [4-10]. In particular, 
the tendency for a grain boundary to experience embrittlement appears to be 
strongly related to the crystallographic nature of the interface. 
2 
Grain boundary character may be important in local fracture behavior 
without LME. Recently, Lim and Watanabe [11-13] suggested that the fracture 
toughness of intrinsically brittle metals could be improved by increasing the 
density of 'tough' grain boundaries in the microstructure. This is 
accomplished by mechanically working and recrystallizing a specimen so that 
a crystallographic texture is produced which changes the intergranular 
crystallographic relationships of the grain boundaries in the metal. All of the 
types and concentrations of bicrystal relationships in a metal are referred to as 
the grain boundary character distribution (GBCD). If a texture can be 
produced where adjacent grains have orientations which result in tougher 
boundaries, then overall toughness is increased. To extend this suggestion, 
the presence of a crystallographic texture in a ductile metal might also 
increase the density of boundaries prone to lesser embrittlement by liquid 
metal penetration. 
Common metallurgical forming processes such as cold rolling develop 
a crystallographic texture, or preferred orientation in the polycrystals of 
worked metals [14]. Deformation textures are produced via extensive 
polycrystal slip during deformation. Recrystallization textures are produced 
by annealing cold worked metals so that new grains recrystallize from the 
deformed matrix with preferred orientations. Deformation and 
recrystallization textures are expected to strongly affect the GBCD of a metal 
[5,15]. Hence, a crystallographic texture should affect fracture in liquid metal 
embrittled metals. 
To elucidate the effects of crystallographic texture on fracture behavior 
during LME, it is useful to look at crack initiation and propagation at a scale 
when microstructural effects dominate the crack path. It is this level, early 
3 
during failure, where initiating cracks grow and coalesce or are blunted by 
tough boundaries. 
Several inherent difficulties exist in studying the local fracture 
behavior of embrittled metals. First, the site where failure initiates is not 
known a priori. In specimens which normally contain thousands of grains, 
it is impossible to observe the entire specimen with sufficient resolution to 
detect crack initiation. This creates difficulty in recognizing and observing 
fracture in its earliest stages. In addition, if cracks initiate in several areas, it is 
impossible to track their independent progressions at the earliest stages of 
crack growth. Second, current methods for in situ observation of crack 
propagation only allow the surface of a specimen to be observed. Thus, local 
crack initiation and propagation below the surface cannot be detected or 
observed. Other local phenomena such as extent of LME also cannot be 
determined beneath the surface prior to post fracture analysis. 
The embrittlement of metals having two-dimensional (2D) 
microstructures provides a unique opportunity to study local microstructural 
effects on intergranular crack propagation. The criteria necessary to define the 
relative two-dimensionality of a microstructure were described in earlier 
work [16]. Analogous to a 2D Euclidian plane where only length and width 
exist, a specimen must be very thin in one dimension compared to the other 
two (i.e .. a sheet or foil). Also, the average size of the grains in the sheet must 
be larger than the thickness of the sheet. Finally, the grain boundaries must 
be orthogonal to the plane of the sheet. These criteria are illustrated in Figure 
1.1. 
By fracturing embrittled metal specimens with 2D microstructures, the 
effect of the GBCD on through thickness crack propagation can be observed 
4 
Figure 1.1 Schematic of a sheet possessing a two-dimensional microstructure. 
d/t >> 1, W>>t, and orthogonal grain boundaries. 
5 
and measured direct! y on the surface of a specimen. The effects of local 
microstructural heterogeneities such as large or small grains can also be 
studied. Selective embrittlement of a 2D microstructure provides the 
opportunity to observe a small region where fracture will initiate. By this 
method, the effects of crystallographic texture and the GBCD on local fracture 
can be observed and studied. 
A condition of equibiaxial loading is useful to determine the effects of 
crystallographic texture on fracture behavior. Under this mode of loading, 
the lack of directionality in the applied stress brings out the effects of texture 
on crack initiation and propagation. Also, in specimens with 2D 
microstructures, all grain boundaries experience mode I tensile loading prior 
to boundary fracture and crack growth. This simplifies the stress state before 
fracture. Finally, the use of biaxially loaded specimens eliminates free edge 
effects which act as stress concentrators for crack nucleation. 
The objective . of this investigation is to study the effect of 
crystallographic texture on fracture in liquid metal embrittled aluminum 
sheet. This study is facilitated by the observation of local crack initiation and 
propagation in embrittled aluminum with a 2D grain morphology. Emphasis 
is placed on the inhomogeneous embrittlement of crystal facets within well 
defined microstructures. Since crystallographic texture strongly affects the 
GBCD, correlation of the crystallographic texture with the local GBCD and 
general fracture behavior is also an objective. 
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1.1 Crystallographic Texture in Aluminum Sheet 
1.1.1 Deformation Textures 
Aluminum sheet is formed by successive cold rolling and annealing 
steps. Cold rolling can be approximated as plane strain compression. Sheets 
experience the equivalent of compressive strain in the plane of the sheet and 
tensile strain in the direction of rolling. The crystals within the sheet flatten 
out and elongate under increasing deformation. In aluminum grains, like 
other high stacking fault energy face centered cubic metals, this deformation 
is accommodated by activation of the {111}<110> slip system. As the grains 
strain, their crystallographic planes tend to approach orientations determined 
by the deformation mode. These orientations are referred to as ideal textural 
components and are .described by the plane normal to the sheet and the 
direction parallel to the rolling direction. Under large rolling reductions, a 
strong deformation texture develops in aluminum. 
A texture can be described by the superposition of several distributions 
of crystal orientations about specific poles. Three primary ideal textural 
components are developed during cold rolling of pure aluminum. These are 
the {112}<111> copper (C) component, an intermediate {123}<364> (S) 
component, and a {110}<112> brass (B) component [14). In rolled aluminum, 
the C component is very strong, the S component is weaker but still 
significant, and the B component is weak. As rolling reductions increase, the 
sharpness of the resulting deformation textures also increases. At the same 
time, the S component ·becomes more prominent compared to the C 
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component. Aluminum rolled to over 90% reductions develops a 
deformation texture with intensities over nine times higher than what 
would be predicted in a sheet with random crystal orientations [17-19]. 
1.1.2 Recrystallization Textures in Aluminum Sheet 
Aluminum sheet which has been cold rolled retains stored elastic 
strain energy in the form of vacancies, dislocations and other internal defects. 
During annealing, the matrix lowers its in tern al energy through 
recrystallization. In sheets which possess deformation textures, 
recrystallization textures are created during annealing. These recystallization 
textures arise through both oriented nucleation and oriented growth [17-19]. 
In rolled sheets which have been reduced less than -80%, the recrystallization 
texture is similar to the deformation texture. It is described by the (112}<111> 
C component and the {123}<364> R textural component (equivalent to the S 
deformation component). Under deformations of 80% or higher, 
recrystallization results in the formation of a strong {100}<001> cube texture 
along with the Rand C components. Under rolling reductions of greater than 
-95%, the recrystallization texture can be described entirely by a strong cube 
texture. In sheets rolled to this extent and recrystallized, grains over 40 times 
more oriented towards the cube orientation than for a random, untextured 
specimen have been observed [17-19]. 
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1.2 Grain Boundaries in Aluminum 
1.2.1 Characterization of Grain Boundaries 
Grain boundaries have been classified into low angle grain boundaries 
and high angle grain boundaries. The distinction is illustrated by the Read-
Shockley model for dislocation core interactions [20,21]. Low angle grain 
boundaries have their angular misorientation accommodated by regularly 
spaced dislocations along the interface. This arrangement requires low elastic 
strain energy so the boundaries have energy /unit area comparable to that of 
the bulk crystals. High angle boundaries are defined by the Read-Shockley 
model when the dislocations which form the boundary have cores which 
overlap. They are characterized by high elastic energy I unit area as compared 
to the bulk crystals. The transition is determined by the minimum spacing 
necessary to maintain separate dislocations and occurs at a misorientation of 
approximately 15°. At certain crystallographic misorientations, high angle 
boundaries achieve tighter packing at the interface as a consequence of crystal 
lattice geometry. This results in a boundary which possesses lower elastic 
strain energy than other high angle boundaries [21]. These special high angle 
boundaries (similar to low angle boundaries) have higher intrinsic cohesion 
and are less susceptible to embrittlement by segregating species or nucleation 
of grain boundary phases [4,7,21]. 
The coincident site lattice (CSL) model was proposed originally by 
Kronberg and Wilson [22] as a means of quantifying these special high angle 
grain boundaries as well as the other bicrystal misorientations. In this model, 
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high angle grain boundaries which have a high incidence of coincident lattice 
sites between two superimposed crystals possess lower energy configurations 
than other high angle grain boundaries. The relative strain energy of the two 
misoriented crystals is proportional to the density of coincident sites between 
the two crystals. The boundary is defined by the reciprocal of the density of 
coinciding lattice sites. For instance, in cubic crystals, if one crystal lattice is 
superimposed over the other so that every fifth lattice position contains 
atoms from both lattices, then one fifth of the possible lattice sites are 
coincident. This type of boundary is referred to as a .I.5 boundary. The CSL 
relationship between boundaries is also described by rotating one crystal 
lattice relative to the other about a mutual axis. For instance, the .I.5 CSL 
relationship is defined as a 36.9° rotation of one lattice relative to the other 
about a mutual 100 axis in both superimposed crystals. The .I.5 coincidence 
relationship is illustrated schematically in Figure 1.2. 100 plane projections 
for two crystals are shown superimposed with one crystal rotated 37° relative 
to the other. The lines superimposed over the plane projections show that 
for both projections, every fifth atom is coincident with an atom in the other 
crystal plane. Coincidence relationships have been documented for cubic 
crystal structures to I.= 49 [23,24]. 
At lower coincidence densities, i.e. higher CSL sigma values, 
equivalent CSL misorientations may exist at more than one rotation about an 
axis. For example, a .I.19 boundary may be defined by rotating one crystal 26.5° 
about a [110] axis relative to the other. Similarly, the same CSL boundary may 
be defined as a 46.8° rotation about a mutual [111] axis. Since both rotations 
yield the same density of coincidence sites, the boundary defined by either 
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Figure 1.2 Schematic illustration of a l:.5 coincident site lattice. Shown are 100 
plane projections where one projection has been rotated 37° about a mutual 
100 axis. 
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sometimes differentiated by adding a letter (a,b,c, ... ) after the coincidence 
number, where the smaller 8 rotation receives the first letter. In the 1:19 
boundary, the 26.5° rotation is referred to as l:19a, and the 46.8° rotation is 
given the l:19b notation. 
The special properties exhibited by CSL boundaries were predicted to 
exist at slight deviations from the exact CSL misorientations [25]. This 
prediction was formulated by superimposing a coincidence sub-boundary on a 
coincidence boundary and assuming that the maximum dislocation density 
which could exist in the sub-boundary and still maintain coincidence in the 
CSL boundary was that associated with a 15° tilt boundary. This corresponds 
to the Read-Shockley model transition between a low angle and high angle 
grain boundary. Further, Brandon observed that the density of dislocations 
which could be introduced into a coincidence boundary without destroying 
coincidence was limited by the density of coincident lattice sites at the 
boundary. Based on .these observations, Brandon [11] empirically predicted 
that the special properties of CSL boundaries could be maintained at an 
angular deviation described by 
15° 
~8max ="JN 
where N is the l: value of the CSL misorientation. 
(1.1) 
Under this 
approximation, a boundary deviation from ideal by up to 15° would still be 
considered a 1:1, or low angle boundary. Recently, research on corrosion of 
CSL boundaries has been conducted, which suggests that the special properties 
exhibited by these boundaries may actually fall within a tighter angular 






where the special properties hold for only for l:.<31. Currently, Brandon's 
criterion is still accepted as the standard for the determination of maximum 
CSL deviation. 
Berger et al. have proposed that some high l:. boundaries split into 
alternating sections of lower energy l:. boundaries to reduce the total boundary 
energy [26]. For instance, l:.33 and l:.27 boundaries might split into l:.3, l:.9, and 
l:.11 boundaries. They also conjecture that l:.25 boundaries split into :ES +:ES 
boundaries. This proposal is based on low energy properties exhibited 
occasionally by these CSL boundaries [26]. 
1.2.2 Measurement a11d Calculation of Grain Boundary Character 
Recently methods have been developed to rapidly measure the 
crystallographic orientation of surface grains in a polycrystal [27,28]. These 
methods not only allow the determination of texture on large grained 
specimens, they also allow the rapid calculation of bicrystal misorientations. 
The method utilized in this research is the Kikuchi electron backscattering 
pattern (EBSP) technique. 
In this technique, a phosphor screen is fixed parallel to a specimen 
which is tilted -70° from the direction of the electron beam in a standard SEM 
chamber. A lead glass window is fixed directly behind the phosphor screen so 
that a low light charged coupling device (CCD) camera can capture the trace of 
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backscattered electrons which impact the screen. A schematic of this 
experimental setup is illustrated in Figure 1.3. H the specimen has a finely 
polished, strain free surface, some electrons which impact the surface are 
backscattered in a unique pattern which is determined by the crystal structure 
and crystallographic orientation of the grain of interest. This Kikuchi pattern 
is observed on the phosphor screen and imaged on the CCD camera. 
Kikuchi patterns are projections of the geometry of lattice planes in a 
crystal [29]. They arise from the divergence of the electron beam as all the 
planes in a crystal interact elastically with the scattered beam after it 
penetrates the specimen. While most electrons are scattered inelastically and 
escape as background noise, some will be scattered from these planes at the 
Bragg angle. Those electrons which are diffracted by the Bragg angle and 
escape the specimen form two cones of radiation for each set of planes. As the 
Bragg angles are actually very small (i.e. -a.5°), the apex angle of the reflected 
cones is large and sections through them appear as a pair of straight lines [29]. 
These lines are the Kikuchi bands. Each pair of Kikuchi bands represents a 
plane in the crystal, and intersections of different bands represent poles, or 
crystallographic directions. 
The pattern observed forms a portion of the entire Kikuchi map for 
that particular crystal system which includes all of the possible crystal 
orientations. Computer algorithms can compare that portion of the Kikuchi 
pattern to the complete map to determine the orientation of the grain being 
scanned. The accuracy of the technique is around 1° and the precision of 
relative misorientations is less than a.5° [3a]. 
Utilizing this method, the orientations of many adjacent crystals can be 
rapidly determined and rotation matrices found to describe their 
14 
Lead Glass 
CCDCamera Electron Beam 
Phosphor Screen 
Specimen 
Figure 1.3 Experimental setup for the Kikuchi Electron Backscattering Pattern 
Technique. 
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misorientation from the specimen axes. If these rotation matrices are 
described by A 1, A2, ... Ai, then the misorientation between any two grains can 
be represented by the rotation matrix R, where 
(1.3) 
Since CSL misorientations can also be described as rotation matrices, it is now 
possible to directly compare the rotation matrices of a crystal and the CSL 
matrices. A list of the cubic CSL rotation matrices to l:.=49 has been published 
by Grimmer et al. [23]. The deviation of a grain boundary misorientation 
from a coincidence orientation is expressed as 
(1.4) 
where R CSL is the misorientation matrix possessing a particular CSL 
relationship. The ~0 term described in Brandon's criterion is simply the 
inverse cosine of the trace of the matrix ~&CSL, or 
RCSL11 +RCSL22 + RCSL33 -1 ~e = acos( 2 ) (1.5) 
The two expressions for ~0 can be directly compared to determine if the 
boundary in question is a CSL type. H 
~e 
-- <1 ~0B ' (1.6) 
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then the boundary fulfills Brandon's criterion and is a coincident boundary. 
In the cubic crystal systems, there are 24 possible rotation matrices 
which describe each bicrystal misorientation. CSL matrices are defined by the 
mutual axis and rotation about that axis since this definition encompasses all 
24 possible matrices describing each CSL misorientation [24]. To compare the 
matrices R and RCSL, the axis and rotation angle of both matrices must fall 
within the same stereographic triangle on a stereographic projection. The 
matrix manipulations necessary to facilitate this comparison were obtained 
from Hollmann [31]. Grimmer calculated the CSL matrices from axis-angle 
pairs with the smallest possible rotation angle. In addition, the axes 
contained all positive integers appearing in decreasing magnitude, i.e. for 
{hkl}, h>k>l. For example, the 1:15 CSL boundary matrix is derived from a 
48.2° rotation about a [210] axis. 
The equivalent matrix is found from R by manipulating the matrix so 
that the largest array values are positive and fall within the trace of the 
matrix. The minimum rotation angle 0 is then calculated from the trace of R 








Rt3 - R3t 




The axis so calculated is rearranged so that {hkl} are all positive and h>k>l. 
Finally, the corrected R is recomposed from the new axis and angle. The 
formula for this reconstruction is 
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[
100] {h*hh*kh*l] [0-lk] 
Rnew = cos(8) 010 + (1- cos(8) k*h k*k k*l + sin(8) 1 0 -h . 
001 l*h l*k l*l -kh 0 
(1.8) 
These matrix manipulations ensure R and R CSL represent rotations in the 
some stereographic triangle. By these manipulations, only one comparison 
between R and each R CSL is necessary to check for coincidence. 
1.2.2.1 Example Determination of a CSL Misorientaton 
Two adjacent grains have their orientations measured by the EBSP 
technique. The rotation matrices are 
[
-.724 .499 .476] 
At= -.280-.844 .. 460 
.630 .199 .751 
and [
-.124-.986-.097] 
A2 = -.220 .122 -.968 
.968 -.099 -.233 
The rotation matrix between the two is found by utilizing equation 1.3. 
[
-.448-.240-.861] 
R = .824 -.485 -.294 
-.347-.841 .415 
R must be manipulated by interchanging rows and columns and multiplying 
them by -1 to maximize the trace. The adjusted matrix is 
[ 
.824-.485-.294] 
R = .347 .841 -.415 . 
. 448 .239 .861 
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Application of equation 1.5 yields the minimum rotation angle of 40.26° for 
R. The axis of rotation found by applying equations 1.7(a-c) is [.654, -.742, .832]. 
Since the metal is cubic, then an equivalent rotation axis exists at [.832, .742, 
.654] with the same rotation angle 0 = 40.26°. The new matrix with its 
rotation axis in the same stereographic triangle as the CSL matrix is now 
determined by calculating the unit vector [.643, .574, .506] of the rotation axis 
and plugging it along with 0 into equation 1.8. The adjusted rotation matrix 
is now 
[ 
.861 -.240 .448] 
Rnew = .415 .841 -.347 . 
-.294 .485 .824 
Rnew is compared to the rotation matrix for a I:7 CSL boundary. This is a 
38.21° rotation about a mutual 111 axis. Grimmer calculated this CSL matrix 
to be 
I:7 = ! 3 6 -2 . [ 6 -2 3] 7 
-2 3 6 
Rnew is inverted and multiplied by the CSL matrix (equation 1.4) to calculate 
ARCSL. From equation 1.5, A0 = .0743 rad (4.26°). From equation 1.1, a I:7 
boundary allows an angular deviation of .099 rad (5.67°). By equation 1.6, 
A0 .0743 
A0B = .099 < 1, 
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and the boundary between these two grains is a "L7 CSL boundary. 
1.2.3 CSL Relationships in Aluminum 
Hassen and Goux first measured the relative energy of CSL 
orientations in aluminum [32]. They grew oriented aluminum tricrystals 
with either 001 or 011 tilt boundaries at all three grain boundaries. The 
tricrystals were annealed and allowed to approach thermodynamic 
equilibrium. Relative boundary energies were determined for 23 different tilt 
orientations by using a surface energy balance. They found little effect of the 
CSL misorientation on grain boundary energy in 100 tilt boundaries except for 
a sharp drop in energy for low angle boundaries. In contrast, 011 tilt 
boundaries experienced large drops in relative energy at tilt angles of 70° and 
129° in addition to the drop at low tilt angles. These angles correspond to "L3 
and "Ll 1 CSL misorientations. Otsuki et al. reproduced the results of Hassen 
and Goux in aluminum by the same method [26]. They determined the 
relative boundary energy for approximately 3 times more oriented tricrystals 
than Hassen and Goux, and their findings were identical. Plots of relative 
boundary energy versus tilt angle for 110 tilt and 100 twist boundaries are 
shown in Figure 1.4 [26]. In their results, they assumed a high angle 
aluminum grain boundary with no CSL misorientation to possess a grain 
boundary energy of 350 mJ/m2. The coincidence sites which correspond to 
the cusps in grain boundary energy are labeled. 
Few studies have been published on the CSL relationships in textured 
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Figure 1.4 The measured variation in grain boundary energy with boundary 
misorientation for (a) <110> tilt, and (b) <100> twist boundaries in 
aluminum. CSL misorientations are marked and labeled. Adapted from 
Otsuki and Mizuno [26]. 
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between different crystallographic textures and the grain boundary character 
distribution in cubic metals through numerical simulations [15]. They found 
that a strong 100 texture (90% of grains had {100} parallel to the sheet) resulted 
in five-fold increases in the density of grain boundaries with I.1, I.5, and I.13 
misorientations. Polycrystals with a strong 110 texture (90% of grains had 
{110} parallel to the sheet) achieved five-fold increases in the concentrations 
of boundaries with I.1, I.3, I.9, and I.11 boundaries compared to a polycrystal 
with no texture. These results compared well with experimental results by 
Watanabe et al. for measurements of the GBCD in textured silicon iron [15]. 
No similar experimental results on the GBCD in textured aluminum sheet 
have been published. 
Statistical texture results by X-ray diffraction have shown strong cube 
and S textural components in heavily rolled and recrystallized sheets [17-19]. 
These two textural components are related by an -40° rotation about mutual 
{111} axes in the crystals of both components. This relationship is equivalent 
to a I.7 coincidence boundary. Thus, a high density of I.7 boundaries is 
expected in sheets which contain these two components. During 
recrystallization, the presence of I.7 boundaries is thought partially 
responsible for the fast growth rates of cube oriented grains [17-19]. 
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1.3 Two-Dimensional Microstructures 
1.3.1 Experimental Production of 2D Microstructures 
Approximately 2D microstructures have been produced in both FCC 
and BCC metals through thermomechanical processing [5,33-36]. Watanabe et 
al. [5] used normal grain growth to produce large grain sizes in sheets of 
silicon iron. The average grain size was larger than the sheet thickness after 
long annealing treatments at high homologous temperatures. Sberveglieri et 
al. [33] produced similar 2D type grain morphologies by annealing aluminum 
films on glass substrates. Burgers [34] used strain annealing techniques to 
produce strips of commercially pure aluminum with large grains compared 
to the thickness of the strip. He found that by uniaxially straining aluminum 
sheets 2-10%, average grain sizes after annealing could be produced which 
were inversely proportional to the amount of strain. 
Watanabe [35] produced tensile bars of (3-brass from cast ingots which 
possessed a 2D microstructure. Similarly, Yao and Wagoner [36] produced 
aluminum 'multicrystals' through strain annealing to study dislocation slip. 
In a previous investigation by the present author [16], two dimensional 
microstructures were produced in sheets of silicon iron by cold rolling and 
annealing to induce primary recrystallization. The extent of two-
dimensionality was found to be inversely proportional to the amount of cold 
rolling and directly proportional to the extent and temperature of anneal. 
The extent of two-dimensionality was enhanced by grinding to reduce the 
thickness of the sheet specimens. 
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1.3.2 Numerical Fracture Simulations Involving 2D Microstructure 
A class of numerical simulations has been developed to model brittle 
intergranular fracture in solids (37]. These simulations involve the use of 
two-dimensional graphical representations of microstructures known as 
Vernoi tesselations. These 2D graphical microstructures resemble the 
experimental 2D microstructures discussed in section 1.3.1. In recent work, 
these 2D microstructural representations have been incorporated into a finite 
element (FEM) grid such that sections of the grid which intercept the grain 
boundaries are assigned lower strength values. When an incremental biaxial 
stress traction is applied to the system, brittle intergranular fracture can be 
modelled by removing trusses in the FEM mesh which have their assigned 
strength exceeded. Simulations of this type are being adapted to reproduce 
the fracture behavior of actual ceramic and brittle metal thin films. 
1.4 Liquid Metal Embrittlement of Aluminum with Gallium 
Wetting and penetration by liquid metals has been shown to cause 
grain boundary embrittlement in some FCC and BCC metals (1,2,38]. Liquid 
gallium has been shown to cause room temperature embrittlement of 
aluminum grain boundaries (38-43]. Liquid gallium which contacts the metal 
surface below the oxide film has been observed to spread between the metal 
surface and the oxide (44]. The high spread rate is documented in Figure 1.5. 
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Figure 1.5 The rate of gallium spreading as a function of annealing 
temperature for aluminum with a grain size of 8-10 mm. Adapted from 
Marya and Wyon [44]. 
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wetting has been quantified by experimentally measured contact angles of 27' 
for gallium on aluminum and 28° for gallium on aluminum oxide [45]. 
Where the gallium contacts the aluminum, a liquid eutectic phase is formed 
at room temperature. This eutectic is predicted in the Al-Ga phase diagram 
shown in Figure 1.6 [46]. The aluminum-gallium eutectic phase rapidly 
spreads along the metal-oxide interface and grain boundaries of the metal 
since these regions possess surface energy which is reduced by the presence of 
the eutectic phase. 
Where the gallium has penetrated, a thin liquid eutectic film remains 
in the boundaries which reduces cohesion enough that intergranular fracture 
occurs before plastic flow under an applied tensile stress. This eutectic film 
has been measured to be on the order of 10-100 A thick [44,47]. 
Marya and Wyon have shown that the catastrophic embrittlement 
caused by gallium in aluminum can be reduced through subsequent anneals 
[48]. In fact, complete. ductility is restored after sufficient annealing treatments 
if the aluminum is removed from contact with the gallium source. This de-
embrittlement is illustrated for different quantities of applied gallium 
annealed at 50°C in Figure 1.7 [48]. This behavior is readily explained by 
referring to the Al-Ga phase diagram in Figure 1.6. The solubility of gallium 
in aluminum at 50°C is -20% by weight. During long anneals, 
thermodynamic equilibrium demands that gallium in the grain boundary 
eutectic film should diffuse into the adjacent grains. The thinness of the 
boundary film requires little diffusion of gallium before the eutectic 
disappears and grain boundary ductility is restored. 
Experimental results suggest that the rate and extent of grain boundary 
embrittlement in aluminum by liquid gallium alloys is dependent on the 
26 
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Figure 1.6 The aluminum-gallium binary phase diagram. Adapted from J.L. 
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Figure 1.7 The variation of the tensile strength of embrittled aluminum with 
gallium content (by weight) and holding time at 50°C. From Marya and 
Wyon [48]. 
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type of CSL boundary being penetrated [39,41,49]. Kargol and Albright used 
the Bridgeman technique to produce aluminum bicrystals which possessed 
symmetric 110 tilt boundaries with various tilt angles [49]. They grew 22 
bicrystals with misorientations about the 110 axis ranging from 5.5° to 175°. 
These bicrystals were then cut in to tapered double cantilever beams and 
coated with liquid Hg-3%Ga at the bicrystal interface. The loaded bicrystals 
experienced rate dependent crack propagation which was found to be 
dependent on bicrystal misorientation. This orientation dependence is 
shown in Figure 1.8 for symmetric <110> tilt boundaries in aluminum [49]. 
Bicrystals which had tilt angles of -0°, 70°, 130°. and 180° were found to 
exhibit slower rates of crack propagation (i.e. gallium penetration). These tilt 
angles correspond to low angle boundaries at 0° and 180°, a I.3 boundary at 
-70°, and a I.11 boundary at -129°. 
In studies by Ichinose and Takashima [39] and Watanabe et al. [41], the 
rate and extent of gallium embrittlement of CSL boundaries in aluminum 
was measured to be inversely proportional to the deviation of the boundaries 
from exact coincidence. 
1.5 Research Overview 
The previous literature search has demonstrated a correlation between 
crystallographic texture and the grain boundary character distribution in 
metals. Further, in aluminum, some CSL boundaries whose concentrations 
may be enhanced by the presence of crystallographic texture have been found 
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Figure 1.8 The 3.5 µm/sec crack extension force for Hg-3% Ga embrittled 
symmetric <110> tilt boundaries in pure aluminum. Adapted from Kargol 
and Albright [49]. 
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boundaries. The literature has revealed no experimental studies linking 
crystallographic texture and its effect on CSL boundary concentrations with 
fracture in polycrystals after liquid metal embrittlement. This is surprising 
considering that the metallurgical processes used to produce almost all 
engineering metals introduce a texture into the grains. 
In this investigation, the effect of texture and GBCD on crack initiation 
and propagation in liquid gallium embrittled aluminum sheet will be 
investigated. The effect of crystallographic texture will be studied through 
biaxial fracture of embrittled sheets prepared by normal metallographic 
processing. Local fracture behavior will be investigated by creating, 
embrittling, and biaxially loading aluminum sheets with 2D microstructures. 
Microstructural phenomena observed during the fracture of 2D 
microstructures will be used to explain elements of the biaxial fracture 
behavior observed in embrittled sheets with conventional grain size. 
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CHAPTER2-EXPERIMENTALPROCEDURES 
To accomplish the objective of this investigation, simultaneous design 
of both the loading rig and specimens was necessary. The specific 
requirements for equibiaxial loading of embrittled sheets and also in situ 
observation of fracture surfaces required a strong interdependence between 
the design of the sheet specimens, selectivity of embrittlement, and the 
loading apparatus. This interdependence is illustrated in the schematic 
illustration of the loading rig and specimen shown in Figure 2.1. In the 
experimental procedures, the production of specimens is described first. The 
technique for selective gallium embrittlement is then introduced. A section 
is devoted to detailed description of the loading rig design, calibration, and 
capabilities. The experimental procedures for biaxial loading and fracture of 
embrittled sheet specimens are outlined before microstucture and fracture 
characterization methods are introduced. 
2.1 Fabrication of Sheet Specimens 
The material used in this investigation for all sheet specimens was 
1100-0 series aluminum foil from AESAR/Johnson Matthey (Ward Hill, 
MA). The expected chemical impurity content is listed in Table 2.1. Large 
_/"' 75mmDIA. 
¥ Specimen 
Figure 2.1 Schematic diagram of the biaxial loading rig. 
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sheets were procured with nominal thicknesses of 254 µm and 1000 µm. 
Micrometer measurements confirmed sheet thickness variability to ±2 µm. 
Aluminum sheet manufacture was described as successive cold rolling and 
recrystallization anneals ending with a recrystallization anneal. As-received 
average grain size was measured by the linear intercept method to be 20 µm. 
Sheet specimens were cut into 75 mm x 75 mm strips. The as-received stock 
(for both thicknesses) was recovery annealed at 225°C for 16 hr and then at 
400°C for 2 hr to remove minor cold work introduced during shipment, 
cutting and handling. Stereological measurement of grain size after the 
recovery anneal revealed an average 20 µm grain size, identical to that of the 
as-received sheets. 












Three types of specimens were produced in this investigation. The first 
set of specimens was fractured with the as-received grain size. These were 
designated the Sbiaxial group. Thirteen Sbiaxial specimens were embrittled 
and fractured without further microstructural manipulation. 2D 
microstructures were produced in two additional sets of specimens. Eight 
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Bbiaxial specimens were uniaxially strained and annealed to produce the 2D 
microstucture whereas ten Thiaxial specimens were cold-rolled from the 1000 
µm thick stock and annealed. In Table 2.2, the specimen designations, 
microstructures, and production methods used in this study are summarized. 
After the appropriate microstructure was produced in each set of specimens, 
holes were punched in the sheets in a hexagonal pattern prior to 
embrittlement. These holes allowed each specimen to be fixed in the rig for 
loading as depicted in Figure 2.1. 
Table 2.2 Types and designations of the specimens prepared in this 
investigation. 








2.1.1 Fabrication of 2D Microstructures 





Recovery annealed 75 mm x 75 mm strips of 254µm thickness were 
clamped in 75 mm wide grips and strained by tensile elongation in a Syntec-
MTS tensile loading rig (MTS Systems, Minneapolis, MN) at a strain rate of 
.1/min. A set of five specimens was strained 3%, 5%, 7%, 9%, and 12% for 
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measurement of recrystallized grain size versus strain. Eight Bbiaxial 
specimens were strained 12% for embrittlement and fracture. Within one 
hour after the strain was introduced, specimens were annealed at 600°C for 2 
hr to ensure complete primary recrystallization and grain growth. After 
annealing, the specimens were chemically etched in an aqueous solution of 5 
wt% NaOH and 4 wt% NaF. The caustic etch was carried out at approximately 
95°C for 20 seconds to remove the oxide and reduce specimen thickness to 
-240 µm. After immersion in the caustic etch, the samples were rinsed in hot 
water and the smut was removed by submersion in a solution of 70 vol% 
HN03 and 30 vol% H20. Microstructure was observed through grain contrast 
under oblique lighting. Grain boundary orthogonality was verified by 
photographing both sides of a strip with 2D microstructure (16]. One of the 
negatives was flipped over and the negatives of both sides were 
superimposed. The resulting mismatch between boundary projections was 
observed as a measure of orthogonality. Later, orthogonality was further 
verified by observing the relative perpendicularity of fractured grain 
boundary facets. Grain size was measured by stereological analysis utilizing 
the linear intercept method. 
2.1.1.2 Tbiaxial Specimens 
The recovery annealed aluminum strips of 1000 µm thickness were 
mechanically reduced 75% on a motor-driven two-high rolling mill. The 
reduction was achieved in 6-8 passes at a rolling rate of -18 cm/sec. 
Specimens were lubricated' with SAE-20 motor oil before each pass. After the 
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rolling reduction, specimens were annealed for 2 hr at 400°C to enact 
complete primary recrystallization. 
The recrystallized sheets were then rerolled on the two-high rolling 
mill. A set of six specimens was rolled to 3%, 5%, 7%, 9%, 11 %, and 15% 
reductions in thickness to measure the effect of cold rolling deformation on 
average recrystallized grain size. The rolling mill was adjusted so that each 
strip experienced its entire reduction in 2 passes regardless of the extent of 
total reduction. This minimized uneven deformation which resulted in 
warping of the sheet. Ten Tbiaxial specimens were cold rolled. Six Tbiaxial 
specimens were reduced 9% in thickness and four were reduced by 3%. 
Within 1 hour after cold rolling, sheets were cut back into 75 mm x 75 mm 
strips and annealed for 2 hr at 600°C to ensure complete primary 
recrystallization and grain growth. All specimens were etched in the caustic 
solution to remove the surface oxide and reduce specimen thickness to -240 
µm. 
Again, microstructures were observed under oblique lighting and grain 
size and orthogonality was measured by stereological analysis. 
2.2 Liquid Metal Embrittlement of Aluminum 
Specimens were embrittled by wetting them with 99.999% pure gallium 
(AESAR/Johnson Matthey). Gallium was applied in a circular patch 20±2 
mm in diameter centered on one side of each sheet specimen. Wetting was 
facilitated by scratching the surface area lightly with a razor blade surrounded 
with liquid gallium so that the oxide was displaced. Excess gallium was 
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allowed to remain on the wetted surface at 50°C for times of 20 minutes for 
the Sbiaxial (3D microstructure) specimens or 10 minutes and for the strained 
and recrystallized Bbiaxial and Thiaxial (2D microstructure) specimens. 
After embrittlement, excess gallium on the surface was wiped off with 
a paper towel. Gallium remaining on the surface was removed by immersion 
of the sheet in a beaker of distilled water for 20 sec at 23°C. Water vigorously 
reacts with the gallium-aluminum eutectic to evolve a gas. Exposing pure 
liquid gallium to water induces no such reaction. The evolving gas separated 
any remaining gallium from the surface. Liquid gallium-aluminum alloy 
spheroids remaining in the water continued to react vigorously for 20-40 sec. 
X-Ray diffraction of the reaction product indicated the presence of gallium 
oxide hydrate and AlOOH. Based on these findings, the evolving gas is 
presumably H2 formed by reaction of water with aluminum in the liquid 
alloy. 
After embrittlement, specimens were annealed for various times 
depending on the specimen type to induce partial de-embrittlement. De-
embrittlement schedules covering the range of annealing times from 1-60 
min and annealing temperatures of 100°C and 150°C were investigated for the 
Sbiaxial and combined Bbiaxial and Tbiaxial specimens. From these 
schedules, optimized de-embrittlement times were determined for each set of 
specimens. Sbiaxial specimens used in the fracture studies were de-embrittled 
for 2 minutes at 150°C, and the Bbiaxial and Thiaxial specimens were de-
embrittled for 10 minutes at 150°C. 
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2.3 Fracture Apparatus 
2.3.1 The Biaxial Loading Fixture 
A fixture was constructed to biaxially load 75 mm x 75 mm aluminum 
sheets. This rig is shown schematically in Figure 2.1. A variable speed, 
motor-driven screw forces a push plate and teflon ring up against the fixed 
specimen. The teflon ring contacts each specimen in the unembrittled region 
around the gallium embrittled center. As the teflon ring is displaced 
vertically, uniform equibiaxial tension is directed against the embrittled 
region via transfer of stresses from the unembrittled region. A miniature 
load cell (Omega model LCG-500, Omega Engineering, Inc, Stamford, CT) 
between the push plate and the teflon ring measures the applied load. Strain 
calibration was performed by the adhesion of a small 12011 strain gage (SR-4 
Strain Gages, BLH Electronics, Canton, MA) on the surface of the specimen. 
Strain resolution was lxl0-6 and load resolution better than 50g (-.05 MPa). 
2.3.2 Observing and Recording Fracture 
The rig was designed so that crack propagation could be observed and 
recorded in the embrittled region during biaxial loading. Figure 2.2 is a 
schematic representation of the loading rig, measuring apparatus, and 
recording apparatus. A high resolution CCD camera (Model JE3462HR, 















Figure 2.2 Schematic representation of the loading rig, measuring apparatus, 
and recording apparatus. 
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monitor (Sony Model PVM-1390, Sony Corporation, Park Ridge NJ). The 
CCD camera has a resolution of 480 lines while the monitor is rated at 450+ 
lines of vertical resolution. A manual zoom lens (UL35X, W. Nuhsbaum 
Inc., McHenry, IL) on the video camera provides effective magnifications of 
2.2X to 40X. The video signal is routed to a video cassette recorder (VCR) 
(Panasonic model NV-8950, Arlington Heights, IL) so that crack propagation 
can be recorded in real time. If one assumes 240 lines of vertical resolution 
on the VCR or 480 lines on the video monitor, the maximum magnification 
results in a theoretical maximum resolution of 12.5 or 6.25 µm. A time and 
date video titler (Model TDCT-T, American Video Equipment, Humble, TX) 
has been incorporated into the system so that the chronology of fracture 
events could be correlated with biaxial stress and time files which were 
measured and recorded simultaneously during a fracture test. Micrographs of 
fracture surfaces were recorded by photographing images on the monitor with 
a 35 mm single lens reflex (SLR) camera with a 50 mm lens (Olympus OM-25, 
Olympus Corp., Woodbury, NY). 1 second exposure times were necessary for 
clear, even exposures. The film used was Kodak TMAX 100 black and white 
(Eastman Kodak Co., Rochester NY.), and was processed using Kodak D-76 
Developer and Rapid Fixer. After testing, fracture surfaces of selected 
specimens are observed via scanning electron microscope (SEM) (model JSM-
T300, Jeol Corp., Peabody, MA). 
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2.3.3 Measurement of Biaxial Stress and Strain 
Input and output signals from both the strain gage and the load cell 
were routed via an interface board terminal box to Workbench TM 3.0 (Analog 
Connection ACM2, Strawberry Tree Computers, Inc., Sunnyvale, CA) on a 
Macintosh II microcomputer (Apple Computer, Inc., Cupertino, CA). This 
hardware and software package allowed the signals produced during a loading 
sequence to be converted to biaxial stress and strain, observed in real time, 
and recorded as data files for manipulation and presentation. 
The terminal box is equiped with a stable -6.950 V source and terminal 
inputs for up to eight external voltage signals. A schematic showing the 
connection of wires to the terminal box is given in Figure 2.3. The load cell is 
energized by the precision voltage source and the strain gage by an external 
voltage source. Vin and Vout for the load cell were measured through 
terminals #1 and #3 in Figure 2.3. Vin and Vout for the Wheatstone bridge 
(strain gage) were measured through terminals #7 and #8. 
The input signals on the terminal box are represented by icons on the 
Workbench 3.0 spreadsheet. These signals are manipulated, displayed and 
recorded by routing them through a sequence of other icons which perform 
specific functions. Two schematics indicating the flow and manipulation of 
signals are shown for biaxial load, stress, and time in Figure 2.4 and strain in 
Figure 2.5. In this diagrams, the AI icons represent the input and output 
signals. For instance, in Figure 2.4, Al:4 represents Vin for the load cell and 
AI:3 represents Vout for the load cell. The CA icons represent calculations 
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Figure 2.3 Schematic representation of the analog connection terminal box 
for Workbench 3.0. The wires allow input and output signals for the load cell 
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Figure 2.4 Workbench 3.0 worksheet for the measurement, calculation, and 
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Figure 2.5 Workbench worksheet which controls the input, output, and 
conditioning of the signals to measure strain from a strain gage. 
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meters and the CH icons represent charts to display information on the 
spreadsheet. Finally, the LO icons represent signals which were digitized and 
stored as data files for later retrieval and manipulation in graphing or 
spreadsheet programs. For example, the icon L02 (STRESS) in Figure 2.4 
represents a data file for the biaxial stress measured each second during a 
fracture test. 
2.3.3.1 Biaxial Load Calibration 
To calibrate the rig for measurement of remote biaxial stress, the load-
strain relationship in the elastic region of specimen tensile behavior was 
determined. This involved calibration of the load cell (load) and correlation 
of the load with biaxial strain as measured with a surface mounted strain 
gage. The rig was calibrated for specimens -240-250 µm thick. All specimens 
produced and fractured in this investigation were reduced by caustic etching 
to within that range of thickness. 
The Omega load cell used in this investigation is rated at 500 lbs. 
maximum load. Vin is rated up to 10.0 V, but the voltage source provided by 
the interface board is capable of -6.950 V. The output voltage is scaled to the 
input voltage by a calibration factor equal to 1.9542 m V /V. The total possible 
V 0ut is 1.9542 mV*Vin which occurs at a load of 500 lb (2224.5 N). The 





This calibration factor is automatically calculated on the Workbench 
spreadsheet in the icons marked CAI3 and CAB in Figure 2.4. The worksheet 
icon (AI:4) changes with Vin so that the load signal is automatically calibrated. 
The measured load is reported on a meter represented by icon MTS. Minor 
effects such as the weight of the die supporting the teflon ring or die wall 
friction can slightly shift the measured load from zero before the teflon ring 
has displaced a sheet specimen. The load signal is manually zeroed before 
loading to compensate for these extraneous signals. This is accomplished in 
the icon marked CAI (Zero Output) on Figure 2.4. 
2.3.3.2 Biaxial Stress Calibration 
Biaxial stress calibration was accomplished by biaxially loading 
unembrittled sheet specimens of 242 µm and 250 µm thickness until the 
region in contact with the teflon ring was displaced -5 mm vertically relative 
to the fixed periphery of the sheet. This biaxial strain resulted in work 
hardening in the sheet. Specimens reloaded after this treatment exhibited a 
yield point at -400 N. Measurement of sheet thickness inside the 
circumference of the teflon ring revealed no detectable change in thickness 
after strain. 
After initial loading, a strain gage was attached on the center of each 
specimen. Each was then loaded several times within the elastic strain region 
to determine the load-strain curve. The load and strain signals were sampled 
once every second and recorded in a file for later reconstruction of the load-
strain chart. To determine the load-strain relationship, the Vout signal (CAI 
47 
in Figure 2.4) was first zeroed so that the signal was 0.000±.003 mV with no 
external load. The specimens were then manually loaded at a rate of 
approximately 5 N/sec within the elastic region of specimen yield behavior. 
Only the loading part of the load-unload cycle is recorded. 
A Wheatstone bridge was constructed to measure the elastic strain 
from the strain gage. The other gages in the bridge were mounted on an 
aluminum plate adjacent to the loading rig. Since the plate was exposed to 
the same lighting and temperature conditions, the bridge was temperature 
compensated. To operate the bridge, an input voltage (Vin) (AI:l in Figure 
2.5) was applied (maximum 2.2 V to prevent strain gage overheating) and 
V out (AI:8 on Figure 2.4) was returned which was dependent on the strain 
experienced by the strain gage as follows: 
Vout ( R3 R2 ] 
Vin = R3+Rg-Rl+R2 • (2.2) 
Let 
[(Vout) (Vout) ] Vr = -V· strained - -V· unstrained in in (2.3) 
where (VV~ut)unstrained is a constant determined before the experiment from 
m 
meters CH4 and CH6 on the worksheet in Figure 2.5. After excitation, the 
strain gage required about 1 hr to equilibrate before accurate and stable strain 
readings could be obtained. Elastic strain was calculated as 
-4Vr 
e = GF(1+2Vr) (2.4) 
48 
where GF is the gage factor of the strain gage. 
From these calibration runs, load versus strain was reconstructed as the 
two curves in Figure 2.6. The slope of each curve was determined by linear 
regression of the data points. For curve (a) (250µm thick), the calculated slope 
was 1.122xl06 with a correlation coefficient of .9991. For curve (b), (242 µm 
thick), the calculated slope as .9903xlo6 with a correlation coefficient of .9988. 
Since the curves have virtually identical slopes, particularly in the load 
regime where fracture texts were performed (to -250 N), the value used for 
stress calibration in the thickness range of 242-250 µm was taken to be the 
L 
average of the two calculated slopes, ie. - = 1.056xlo6. 
£ 
With the load-strain relationship determined for these sheets, analysis 
of the stress-strain relationship provided the load-stress relationship. In 
linear elastic biaxial loading, 
(1-v)cr 
E= E I 
EAI = 70GPa, and v Al = .345. Rearranging equation 2.5, 
cr 





where L = load (N) and C is a constant equivalent to the reciprocal effective 
L 
area. Since - is given by the linear regression, the constant C may be 
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Figure 2.6 The relationship between biaxial load and elastic strain for (a) a 
sheet 250µm thick, and (b) a sheet 242µm thick. 
106.87*1Q9Pa ([)L 




This conversion from load to biaxial stress is computed in the CA2 and CA15 
icons on the Workbench spreadsheet in Figure 2.4. 
2.4 The Fracture Experiment 
Just prior to loading, specimens were coated on the top surface with a 
light layer of flat white enamel paint (Glidden Rust Master, The Glidden Co., 
Cleveland, OH). The paint improved the contrast of the growing cracks 
against the specimen surface. Paint thickness was measured to be 3-5 µm. 
The paint covered the region where the gallium patch was applied during 
embrittlement. Since the paint accounted for 2% or less of total specimen 
thickness and its modulus was much lower than that of aluminum, the 
contribution to mechanical properties was assumed negligible. Further, any 
possible mechanical reinforcement by the paint would be consistent over the 
surface of the coated region and shouldn't have changed the intrinsic fracture 
behavior of the embrittled aluminum beneath it. The paint adhered to the 
specimens and was observed to fracture simultaneously with opening cracks 
beneath it. After loading, fractographs showed no decohesion, flowing, or 
necking of the paint over the edge of surface cracks in the aluminum sheet. 
Each embrittled specimen was loaded and fractured within two hours 
from the time of embrittlement. Acquisition of time and biaxial stress data 
was initiated simultaneously with VCR recording at the start of each 
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experiment. Magnification was -lOX so that the entire embrittled region 
could be searched for initial fracture sites. Magnification was increased as 
observation of fracture events required. The displacement controlled push 
plate and teflon ring were ramped up by rotating the screw at 1 
revolution/minute. This ramp rate resulted in a biaxial stress increases of -5 
MPa/min. The screw was driven by an electric motor fitted with a variable 
speed transmission. The screw was stopped during tests when interesting 
fracture behavior was observed to allow photography of the fracture surface. 
2.5 Analysis of the Fractured Specimens 
During and after biaxial loading, crack initiation and propagation was 
studied by analysis of video images, movies and photographs in conjunction 
with the biaxial stress-time data files. Specimens were also studied on the 
SEM by observing the sides of specimens which were not coated with white 
paint. Crystallographic texture was measured in a typical Sbiaxial specimen by 
x-ray diffraction and calculation of incomplete pole figures. Grain 
orientations were determined in the embrittled regions for three Bbiaxial 
specimen and one Tbiaxial specimen. This data allowed determination of 
texture and also GBCD in the sheets with 2D microstructures. 
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2.5.1 Measurement of Texture in a Sbiaxial Specimen 
The preferred orientation of grains in a typical Sbiaxial specimen was 
measured statistically using the Schulz X-ray diffraction technique. Over 
distinct orientation increments, 20 was held invariant and satisfied Bragg's 
law for a specific {hkl}. At these increments, the intensity of the {hkl} peak 
was proportional to the number and crystallographic multiplicity of grains in 
the sampling area with an orientation satisfying the Bragg condition. The 
specimen was then rotated about two angles, cp and x. as defined in Figure 2.7. 
By systematically varying both cp and x, changes in intensity of the {hkl} peak 
was determined as a function of sample orientation. 
A pole figure is an angular distribution function of a specific crystal 
direction with respect to a sample coordinate system [SO]. In other words, a 
pole figure is essentially an equal area projection showing the statistical 
distribution of one set of {hkl} poles in orientation space. In the case of 
rolling, the coordinate system of the equal area projection is defined by the 
mutually orthogonal rolling direction, sheet normal, and transverse 
direction. Individual pole figures are incomplete due to X-ray defocusing at 
values of x approaching 90°. The values on a pole figure are normally 
displayed as contours of intensity above random. 
The specimen was fixed in a Siemens D-500 x-ray goniometer (Siemens 
Corporation, Ann Arbor, MI). The specimen was excited by a Cu Ka source 
with a wavelength of .154 nm and was oscillated at 3 mm/ sec. 9 was varied 




Figure 2.7 Schematic setup of the x-ray goniometer. Courtesy of K.L. Kruger. 
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311 aluminum diffraction peaks could be measured as x and <I> were varied for 
each 0. Incomplete pole figures were calculated from the diffraction data by 
utilizing the D-500 software package including the standard default correction 
provided in the software. 
2.5.2 Measurement of Grain Orientations in 2D Microstructures 
Three Bbiaxial and one Tbiaxial specimen were prepared for grain 
orientation measurement by annealing for at least 4 hr. at 150°C to restore 
grain boundary ductility. In addition, some recovery was also assumed to 
occur in the grains. The central 40 mm x 50 mm region of each specimen was 
cut from the original sample. The sides were cut parallel and perpendicular 
to each strip's rolling or tensile strain direction. The fractured specimens 
were then etched in caustic solution (see section 2.1.1) to reveal the grain 
boundaries. Etching times of one to two minutes at 95°C were employed. A 
photograph showing the grain boundaries in each specimen was produced 
and the grains of interest were outlined and numbered on each photograph to 
create grain boundary maps. 
Grain orientations were measured in these specimens with the 
assistance and facilities of Dr. Mark Vaudin at the National Institute of 
Standards and Technology at Gaithersburg, Maryland. The Kikuchi surface 
electron backscattering technique was employed [51]. Specimens were fixed in 
an SEM (Amray Model 1830, Bedford, MA) with the rolling direction parallel 
to the x-axis of the specimen stage. An accelerating voltage of 20 KeV was 
utilized with a working distance of 15-25mm. The misorientation between 
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the phosphor screen and each specimen was measured and recorded as a 
rotation matrix. 
Kikuchi patterns were produced for the grains in each specimen as 
discussed in section 1.3. A typical Kikuchi pattern for an aluminum grain as 
imaged by the CCD camera is shown in Figure 2.8. Software written by Dr. 
Vaudin was used to enhance the Kikuchi image produced by individual 
grains by subtraction of the electronic background caused by inelastic 
scattering of electrons. The Kikuchi patterns taken for each grain were 
indexed by manually marking at least three poles present in the screen for 
each grain. The angle of poles from each other was used to determine where 
the pattern fell on the entire Kikuchi map by comparison with sets of pole 
angles stored in the computer. For aluminum, 60 diffracting planes of 
increasing index and 55 zone axes were input for comparison of pole angles. 
This provided a matrix of 575 pole angles for comparison with the pole angles 
found in the Kikuchi .pattern. When matches were found, all other poles of 
that portion of the Kikuchi map were displayed on the screen superimposed 
over the Kikuchi pattern. This provided confirmation that the pattern had 
been correctly indexed. The grain identification number and the matrix 
representing its orientation relative to the phosphor screen were then 
recorded in a data file. All the grains of interest for each specimen were 
recorded in separate data files. 
All the grains in the embrittled region were indexed for one Bbiaxial 
and one Tbiaxial specimen. These specimens possessed 75 and 73 grains, 
respectively. In addition, selected grains were indexed on two other Bbiaxial 
specimens in regions where crack blunting was observed. 
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Figure 2.8 Optical photograph of a typical Kikuchi pattern of an aluminum 
grain in a 2D specimen as imaged by the CCD camera. 
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2.5.3 Calculation of Grain Boundary Misorientations 
The data files compiled at NIST contained the grain to phosphor 
misorientation matrices for each specimen and the specimen to phosphor 
matrices for each specimen. Simple matrix manipulations allowed 
calculation of the grain to specimen misorientation matrices for all grains. 
Inverse pole figures for the Bbiaxial and Tbiaxial specimens were calculated by 
converting the Z axis in each misorientation matrix to a direction and 
plotting it in the same stereographic triangle. 
Software provided by Dr. Vaudin was utilized to calculate the 
misorientation of adjacent grains in the specimens. A BASIC program was 
written to compare this misorientation matrix to that of each CSL 
relationship from ~=1 to ~=49. The CSL matrices were obtained from a list 
published by Grimmer et al. [23). The technique utilized in this program was 
identical to that discussed in section 1.2.2 of this document with the addition 
of an iterative search algorithm. CSL relationships which were found to 
match the rotation matrix between two grains were recorded. When the 
search was complete, the lowest sigma CSL relationship found for any grain 
boundary was manually recorded on the grain boundary maps of each 
specimen. 
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CHAPTER 3 - RESULTS 
3.1 Microstructural Evaluation 
3.1.1 Crystallographic Texture in the Sbiaxial Specimens 
A crystallographic texture was expected in the as-received sheets. This 
texture was confirmed through X-ray diffraction and measurement of 
incomplete pole figures. Incomplete 111 and 002 pole figures of the recovery 
annealed aluminum s;heet are displayed in Figure 3.1. The rolling direction 
and transverse directions of the sheet are marked. A strong recrystallization 
texture is evident in both pole figures. This texture is consistent with 
deformation textures introduced by extensive rolling reductions in a high 
stacking fault energy metal. The primary ideal textural component is the C 
{112}<111> component. The {123}<364> R component is also evident, but is 
much less prevalent. The highest intensity contours occur at 9 times random 




Figure 3.1 (a) 111 and (b) 002 pole figures for a recovery annealed aluminum 
strip specimen. In both pole figures, maximum intensity is at 9 times 
random. 
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3.1.2 Two-Dimensionality of Bbiaxial and Tbiaxial Sheet Microstructures 
The first criterion for two-dimensionality, described in chapter 1, was 
satisfied by utilizing sheet specimens with width to thickness ratios of 75 or 
more based on the width of the embrittled regions. The second criterion for 
two-dimensionality was accomplished through the strain annealing 
techniques discussed in section 2.1.1. Average recrystallized grain size was 
found to be inversely proportional to the amount of uniaxial or rolling strain 
as indicated in Figure 3.2. For the Bbiaxial specimens, the 12% uniaxial strain 
resulted in average grain sizes -2.4 mm, and the Tbiaxial specimens rolled 3% 
and 9% had average grain sizes of 2.0 mm and .8 mm, respectively. These 
grain size values correspond to GS/thickness ratios of 3-10. These ratios 
satisfy the second criterion for two-dimensionality since they are significantly 
greater than one. 
Previously, a technique was developed to quantify the extent of grain 
boundary orthogonality in metal sheets [16). Negatives of the microstructures 
on both sides of a sheet are superimposed and the mismatch is measured so 
that the angular misorientation between each boundary and the sheet normal 
may be calculated. In the strips of aluminum, it was impossible to use this 
method since the grain boundaries appeared to coincide almost exactly at the 
magnifications necessary to perform the analysis. In Figure 3.3, a print of 
these superimposed negatives shows that the average mismatch is so small 
compared to the size of the grains that it cannot be accurately measured by the 
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Figure 3.2 The effect of changes in rolling extent or tensile elongation on the 
recrystallized grain size in aluminum sheet. 
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Figure 3.3 Print showing grain boundary mismatch through an aluminum 
specimen. This print was created by superimposing optical photograph 
negatives from both sides of a specimen with one negative flipped over. 
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boundary orthogonality was found when these materials were embrittled and 
fractured. Crack surfaces were almost exclusively orthogonal to the plane of 
the sheet in all specimens. 
While it is impossible to create a true 2D grain morphology in metals, 
the strip specimens produced in this investigation approach two-
dimensionality sufficiently to provide a means of obtaining unique 
information about local intergranular fracture in embrittled metals. 
3.1.3 Recrystallization Textures in the Bbiaxial and Tbiaxial Specimens 
The 2D microstructures were produced via primary recrystallization of 
the slightly strained sheets. Since strong deformation textures existed in the 
as-received material, and an even stronger deformation texture was created in 
the Tbiaxial specimens, significant recrystallization textures were expected in 
both the Bbiaxial and Tbiaxial specimens. In total, four specimens had grain 
orientations measured by the EBSP technique. In one Bbiaxial and one 
Tbiaxial specimen, all of the grains within the embrittled region had their 
orientations measured. These measurements included 75 grains in the 
Bbiaxial specimen and 73 grains in the Tbiaxial specimen. In two other 
Bbiaxial specimens, the orientations of selected grains adjacent to cracks were 
measured. In one, the orientations of 27 grains were measured, and in the 
other, the orientations of 20 grains were measured. In total, the orientations 
of 195 grains were measured over two trips to NIST. 
Recrystallization textures for the two specimens are presented in Figure 
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Figure 3.4 Inverse pole figures showing the orientations of 001 directions in 
the grains of sheet specimens. (a} 12% uniaxially strained and recrystallized 
specimen with a 2D microstructure. 75 grains were measured. (b} a specimen 
rolled 75%, recovered, rolled 3%, and recrystallized. 73 grains were measured. 
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001 directions for all the grains relative to the sheet coordinate system. In 
Figure 3.4(a), the orientations of 75 grains from the embrittled region of a 
Bbiaxial specimen are plotted. Similarly, in Figure 3.4(b), the 001 axes of 73 
grains from the embrittled region of a typical Thiaxial specimen are plotted. 
In both the Bbiaxial and Thiaxial specimens, recrystallization textures 
were formed which were different from the as-received material's texture. 
The Bbiaxial specimen was found to exhibit a slight 011 texture normal to the 
plane of the sheet. The Thiaxial specimen exhibited a slight 001 texture. The 
recrystallization textures in both specimens were weak relative to the 
recrystallization texture in the as-received sheets of aluminum. 
3.1.4 Grain Boundary Character Distributions 
In all four Bbiaxial and Thiaxial specimens where grain orientations 
were measured, the GBCD was also determined. In Figures 3.5 and 3.6, 
schematic diagrams are presented for the microstructures where grain 
orientation measurements were taken over the entire embrittled region of 
each specimen. The map in Figure 3.5 represents the Bbiaxial specimen and 
the map in Figure 3.6 represents the Thiaxial specimen. In these maps, the 
coincidence relationship for each boundary has been determined by the 
methods discussed in sections 2.6.2 and 2.6.3 and marked on or near its 
respective boundary. Unmarked facets are random, high angle boundaries. 
In the literature, these diagrams are referred to as grain boundary character 
maps. Many CSL boundaries were identified, particularly I:l, or low angle 
boundaries. 
66 
Figure 3.5 Grain boundary character map for a specimen strained 12% and 
recrystallized. All boundaries which satisfy Brandon's criterion for 
coincidence are marked. All unmarked boundaries are random, high angle 
boundaries. 
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Figure 3.6 Grain boundary character map for a specimen rolled 75%, recovery 
annealed, rolled 3%, and recrystallized. All boundaries which satisfy 
Brandon's criterion are marked. All unmarked boundaries are random, high 
angle boundaries. 
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There appears to be a nonrandom spatial distribution of CSL 
boundaries in the schematic diagrams of Figures 3.5 and 3.6. Some groups of 
grains have high densities of CSL boundaries, while other groups are 
completely devoid of any boundaries with a CSL misorientation. Also, the 
facets with CSL misorientations seem to have no angular dependence relative 
to the rolling or tensile strain directions in the sheet. This is illustrated for 
both GBCD maps in Figure 3.7 where the frequency of I.1 facets is plotted 
relative to the angle of the facet from the rolling/ uniaxial strain direction in 
the sheet. While only a few data points are available, no trend in facet 
orientation is apparent. 
The effect of crystallographic texture on the concentration of CSL 
boundaries is shown in Figure 3.8. In this figure, the fraction of boundaries 
within the embrittled region which possess a CSL misorientation is plotted 
against CSL values from I.1 to I.49. The solid columns represent distributions 
for the Tbiaxial specimen. The hatchmarked columns represent distributions 
for the Bbiaxial specimen. The CSL distribution for a completely random, 
untextured specimen developed by Garbacz and Grabski [36] is included in the 
third, outlined column. This distribution includes misorientation values 
from I.1 to I.25. The data in Figure 3.8 demonstrates that both the Bbiaxial 
and the Tbiaxial specimens possess slightly higher concentrations of CSL 
boundaries relative to a random, untextured specimen. The Tbiaxial 
specimen possessed the higher density of CSL boundaries. Approximately 
twice as many CSL misoriented boundaries were observed in this sample 
than would be expected in a random, untextured specimen. Nonetheless, the 
limited number of CSL boundaries present in the specimens preclude 
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Figure 3.7 The frequency of 1:1 boundaries versus the angle from the rolling 
or tensile strain direction. The closed dots represent boundaries in the 
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Figure 3.8 The distribution of CSL boundaries up to .1;=49 for (a) the Tbiaxial 
specimen, (b) the Bbiaxial specimen, and (c) a computer simulation of a 
random specimen [36]. 
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statistical assessment the density of CSL boundaries relative to an untextured 
microstructure. 
3.2 Gallium Embrittlement of Aluminum Sheet 
Liquid gallium applied to the surface of aluminum specimens at 50°C 
caused consistent catastrophic embrittlement after sufficient treatment times. 
The amount of time necessary for gallium to diffuse through the grains of a 
specimen to the back side was dependent on the grain size. The Sbiaxial 
specimens required minimum 20 minute embrittlement while the Bbiaxial 
and Tbiaxial specimens required 10 minutes. Embrittlement times were 
minimized to avoid excess wetting of grain boundaries outside of the 20 mm 
diameter embrittled region. 
The abrupt transition of fracture behavior from brittle to ductile 
indicated the extent of lateral spreading in the embrittled specimens. In all 
cases, this spreading resulted in a 10-20% increase in the area of the embrittled 
region. The caustic surface etch before embrittlement appeared to inhibit the 
lateral spread of gallium along the metal-oxide interface. In specimens 
embrittled without the caustic etch, liquid gallium diffused laterally along the 
metal-oxide interface at over twice the rate of the etched surface. From this 
interface, it was then able to penetrate into adjacent grain boundaries outside 
of the original region of gallium contact. 
Specimens which were loaded and fractured before a de-embrittlement 
treatment failed at insignificant elastic strains. In fact, the evolving cracks 
were not detectable until after they had grown to encompass the entire length 
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of the embrittled region. These specimens failed catastrophically during 
loading at biaxial stresses between 1.5 and 2 MPa. Under these conditions, the 
biaxial stress could not be incremented in small enough steps to allow 
observation of crack evolution. These issues resulted in the development of 
a de-embrittlement treatment. 
Annealing the aluminum specimens after embrittlement resulted in 
higher biaxial stresses for fracture and easier observation of fracture events. 
The amount of time necessary to achieve de-embrittlement was proportional 
to the grain size of the specimens and inversely proportional to the 
temperature of de-embrittlement. The transition from catastrophic 
brittleness to completely ductile behavior was rather abrupt. This transition 
for gallium embrittled Bbiaxial specimens with 2 mm average grain size de-
embrittled at 100°C is shown in Figure 3.9. In this figure, the biaxial stress at 
primary crack initiation was recorded for the different annealing times. Later, 
the strain at fracture was reconstructed from the stress data by utilizing the 
elastic stress calibration through equation 2.6 in section 2.3.3.2. This measure 
of ductility at fracture was a good indication of the level of grain boundary 
toughness. Annealing at a higher temperature or using a smaller grain size 
resulted in shorter annealing times to achieve an intergranular fracture 
toughness where the fracture process could successfully be observed. The de-
embrittlement schedules which resulted in specimens most suitable for the 
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Figure 3.9 A plot of biaxial strain at initial fracture against the time of de-
embrittlement at 100°C. The horizontal dotted line represents the strain 
region where a desirable level of embrittlement is achieved. 
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Even with the optimized embrittlement schedule, some scatter in the 
grain boundary toughness of embrittled specimens was still evident. This 
scatter is evident in Figure 3.9 for specimens annealed for 45 and 80 minutes. 
Similar variability was evident infrequently throughout the fracture studies, 
and is attributed to de-embrittlement of specimens at the edge of this rapid 
transition. Occasionally, single specimens exhibited fracture behavior which 
deviated significantly from that of the other specimens in the group. These 
cases are documented in the results. 
3.2.1 Observation of Gallium Embrittlement 
The lateral spreading of gallium from the grain boundaries on the back 
side of the specimens provided a method to gage the overall consistency of 
embrittlement within the region where gallium was applied. The water 
immersion to remove surface gallium produces a discoloration of the surface 
where the gallium penetrated. A Tbiaxial specimen with this typical 
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Figure 3.10 Optical micrograph of the gallium embrittled region on an 
aluminum sheet specimen after the de-embrittlement treatment. The side 
shown is opposite to the side where the gallium was applied. The dark lines 
indicate where the gallium penetrated through from the other side. 
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discoloration is shown in Figure 3.10. Consistent, even discoloration along 
most of the grain boundaries in the embrittled region was a good indication 
that the boundaries experienced identical exposure to gallium. 
Two embrittled specimens were checked on a profilameter to 
determine if the gallium caused surface grooves at the grain boundaries after 
exposure and the water rinse. Since the side where gallium was applied was 
heavily roughened by eutectic formation and reaction with water, surface 
profilameter measurements could not resolve the presence of any grooves 
relative to the surface roughness. Surface profiles on the sides opposite to 
where the gallium was applied revealed narrow, shallow grooves at the grain 
boundaries. For the profiles of six measures boundaries, surface groove depth 
was variable and ranged from 0 to -Sµm. These surface grooves were 
comparable in scale to the surface roughness adjacent to the boundaries. 
Caustic etching of the specimens after de-embrittlement and fracture 
further enhanced the discoloration of the gallium which spread laterally from 
the grain boundaries. Specimens with 2D microstructures etched in this way 
showed evidence of inhomogeneous gallium spreading though the grain 
boundaries. This inhomogeneous spreading is illustrated in the micrographs 
of Figure 3.11. Coincidence relationships for the boundaries in these 
micrographs have been determined and are superimposed over the 
micrographs. In Figure 3.ll(a) a :El boundary is surrounded by random high 
angle boundaries while in (b) a :ES boundary is surrounded by random 
boundaries. Clearly, the boundaries which have a low :E coincidence 
relationship did not experience wetting of gallium through to the back side. 
In contrast, the other boundaries which have random, high angle 
misorientations experienced a very consistent level of lateral spreading in the 
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Figure 3.11 Optical micrographs showing inhomogeneous gallium spreading 
on the back side of two embrittled specimens. (a) a 1:1 boundary and (b) a 1:5 
boundary. The discoloration due to gallium was enhanced by caustic etching 
of the specimens after embrittlement. 
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aluminum-surface oxide interface. These observations strongly suggest that 
the low coincidence boundaries in the embrittled region experienced lesser 
gallium penetration and embrittlement relative to the other boundaries. 
3.3 Observation of Fracture Under Biaxial Loading 
The localized embrittlement of aluminum strips and the design of the 
loading rig allowed application of stresses where the sheet is ductile and 
transfer of those stresses directly to the embrittled region. True equibiaxial 
loading is realized in these fracture experiments. The de-embrittling 
schedules were adjusted to provide specimens where failure initiated at a 
biaxial stress of 5-10 MPa. This grain boundary toughness allowed 
considerable elastic strain prior to fracture but no detectable plastic strain 
within the embrittled region. The elastic strain made in situ observation of 
crack initiation possible. Also, at that level of embrittlement, cracks 
propagated slowly enough to observe and record their behavior. 
The time of fracture events was recorded on tape simultaneously with 
the biaxial stress and time files. Stress versus time plots were later 
reconstructed from this data. Temporal resolution was 1 second. A typical 
graph of applied biaxial stress versus time is shown in Figure 3.12 for an 
Sbiaxial specimen. Important points such as when the primary crack initiated 
and when secondary cracks initiated are marked on the graph. The accuracy 
of the reported stresses was limited by electronic noise in the biaxial stress 
signal to - .OS MPa. Stresses were determined from the biaxial stress versus 
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Figure 3.12 Plot of the experiment time against the applied biaxial stress. The 
time is plotted in seconds within the hour the experiment was executed. 
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3.3.1 Fracture in Sbiaxial Specimens 
A group of thirteen Sbiaxial specimens were fractured. They all 
exhibited well behaved and consistent fracture behavior. De-embrittlement 
treatments resulted in average crack initiation stresses between 5.0 and 8.9 
MPa with an average of 6.7 MPa. SEM micrographs indicated that the fracture 
mode was brittle intergranular as illustrated in Figure 3.13. 
In Figure 3.14, the failure progression in a typical Sbiaxial specimen is 
chronologically displayed as photographed from the video monitor during an 
actual test. The photographs were taken at biaxial stress increments of 9.0 
MPa, 12.4 Mpa, 15.3 Mpa, and 17.S Mpa. This failure progression was typical 
of the Sbiaxial specimens. The initial fracture appears as a linear central crack 
running radially through the embrittled region as evident in Figure 3.14. 
'Pop in' occurred spontaneously at an initiation stress higher than the 
propagation stress. The initial or primary crack grew rapidly by the apparent 
coalescence of many small cracks which initiated collinearly and almost 
simultaneously along the length of the embrittled region. The radial crack 
was blunted at the edge of the embrittled region. Within the temporal 
resolution of the recording apparatus, it is very difficult to ascertain whether 
the collinear cracks preceded the crack tip of one initial crack or if many cracks 
formed simultaneously and independently of other crack tip stress 
distributions. 
At approximately 1.4 times the initial fracture stress, transverse cracks 
initiated and grew at approximately right angles to the original radial crack. 
These secondary cracks are evident in the second, third, and fourth 
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Figure 3.14 Optical micrographs showing typical crack evolution in an 




Figure 3.14, continued. 
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photographs in Figure 3.14. The number of secondary cracks which initiated 
was usually two; one on each side of the primary crack. On a few specimens, 
three or more secondary cracks formed. They appeared to initiate at random 
sites along grain boundary facets within the embrittled region. Usually, 
initiation occurred some distance from the primary radial crack. These 
secondary cracks grew by the initiation and coalescence of numerous smaller 
collinear cracks rather than by the propagation of a single initiated crack. The 
evidence of collinear crack coalescence is much more apparent for the 
transverse cracks than for the primary radial crack. In Figure 3.15, several 
crack bridges along two transverse cracks are documented. The crack tips 
from the multiple collinear cracks overlapped during propagation to form the 
bridges. 
The stresses for primary and secondary crack initiation are documented 
for all the Sbiaxial specimens in Table 3.2. In addition, the ratio of secondary 
crack initiation stress to primary crack initiation stress for each crack is 
tabulated in the fourth column. One specimen was less brittle than the others 
and did not experience secondary crack formation during loading. This 
specimen was not included in Table 3.2. 
A trend is apparent in this table of primary and secondary crack 
initiation stresses. This trend is illustrated in Figure 3.16. In this figure, the 
ratio of secondary crack initiation stress to primary crack initiation stress is 
plotted for the cracks in each specimen. Secondary cracks are observed to 
initiate almost exclusively at a higher remote stress than the primary radial 
crack. Further, the ratio of secondary fracture stresses to primary fracture 




Figure 3.15 SEM micrograph of crack bridging ligaments formed during BIF 
of Sbia:xial specimens. · 
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Table 3.2 Initiation stresses under biaxial loading for primary and secondary 
cracks in the Sbiaxial specimens. 
Specimen# Primary Crack Secondary Crack O'second~ 
O'init(MPa) O'init(MPa) O'primary 
1 5.1 6.4 1.25 
1 6.6 1.29 
2 6.5 8.2 1.26 
2 8.2 1.26 
2 9.5 1.46 
2 11.7 1.80 
2 14 2.15 
3 5.7 7.7 1.35 
3 8.1 1.42 
4 8.9 13.3 1.49 
4 15.8 1.77 
5 7.0 6.4 .91 
5 9.6 1.37 
5 12.0 1.71 
6 5.0 6.5 1.30 
6 6.9 1.38 
7 8.2 13.0 1.58 
7 14.5 1.77 
7 15.0 1.83 
8 5.4 8.7 1.61 
8 9.6 1.78 
9 8.8 11.4 1.30 
9 12.1 1.37 
10 5.6 9.5 1.70 
10 11.5 2.05 
11 7.7 9.3 1.21 
11 10.6 1.38 
12 7.7 10.4 1.35 
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Figure 3.16 The relative biaxial stresses for secondary crack initiation relative 
to the primary crack initiation stress for each Sbiaxial specimen. 
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average 1.37 with a standard deviation of 0.16. In addition, the second 
secondary cracks which formed also generally initiated at stress values close to 
those of the first secondary crack. In fact, in 67% of the Sbiaxial specimens, the 
first and second secondary cracks initiated at biaxial stress values which were 
within 10% of each other. 
The single secondary crack which appeared in specimen #5 was 
observed to nucleate at a lower stress than that of the primary crack. This 
analomy is rationalized by observation of the fracture evolution. In this 
specimen, the primary crack formed by the coalescence of two main radial 
cracks which were angled approximately 20° from collinearity. This produced 
a stress concentration at the point where the cracks joined. This stress 
concentration reduced the biaxial stress level necessary for the secondary crack 
to initiate. In the other specimens, no similar stress concentrations were 
observed. 
Additional information about crack formation in the Sbiaxial 
specimens is recorded in Table 3.3. In this table, the angle between primary 
and secondary cracks and the rolling direction is tabulated for the Sbiaxial 
specimens. Also, the angle between the primary and secondary cracks is 
tabulated in the last column. The accuracy of measured crack angles was 
approximately ±3°. Two strong trends are evident in this table. First, the 
cracks which form in the Sbiaxial specimens have a strong tendency to grow 
almost parallel or perpendicular to the rolling direction of the as-received 
sheets. This tendency is demonstrated more clearly in Figure 3.17. In this 
figure, the large data points represent the angle of primary crack formation 
from the rolling direction while the small data points represent the angular 
deviation of the secondary cracks from the rolling direction. The average 
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Table 3.3 Angular deviation of primary and secondary cracks from the sheet 
rolling direction in the Sbiaxial specimens. 
Specimen# Primary Crack Secondary Crack Primary-
Angle (deg) Angles (deg) Secondary Crack 
Angles (deg) 
1 5 -70 75 
2 -30 70 80 
2 70 80 
3 85 -8 87 
3 -25 70 
3 10 75 
3 0 85 
3 5 80 
3 -15 80 
3 20 65 
4 10 86 76 
4 85 75 
5 8 90 82 
5 -80 88 
6 -27 60 87 
6 60 87 
7 8 -80 88 
8 -15 75 90 
8 80 85 
9 -85 -10 75 
9 10 85 
9 5 90 
9 20 75 
10 0 85 85 
10 80 80 
11 -10 85 85 
12 70 70 80 
12 80 90 
13 85 3 82 
13 5 80 
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angle between primary crack and the rolling direction was 11° in 69% of the 
specimens. In the remaining 31 % of specimens, the average angle between 
primary crack and rolling direction was 85°. 
The second trend apparent in Table 3.3 was the orthogonality of 
primary and secondary cracks in each specimen. This trend is also apparent 
in Figure 3.17. In the Sbiaxial specimens, secondary cracks generally formed 
perpendicular to the direction of the primary radial crack. The extent of this 
orthogonality is illustrated by the frequency distribution of primary to 
secondary crack angles for all secondary cracks shown in Figure 3.18. The 
average angle between primary and secondary cracks for all Sbiaxial 
specimens is 83°. 
3.3.2 Fracture in Specimens with 2D Microstructures 
3.3.2.1 Crack Initiation in Specimens with 2D Microstructures 
Cracks initiated at specific grain facets within the embrittled region on 
both Bbiaxial and Tbiaxial specimens. Close examination of the back sides of 
fractured specimens in conjunction with the fracture movies showed that 
fracture generally initiated along one or several facets belonging to the largest 
grain or grains in the embrittled region. A typical example of this is evident 
in Figure 3.19, where the arrow marks the grain facet where the first crack 
initiated. This facet belonged to the largest grain in the embrittled region. 
Further, on the four specimens where GBCD was determined, the facets 
where cracks initiated were found to possess no CSL relationships. 
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Figure 3.17 The angular deviation of primary and secondary cracks from the 
rolling direction for all Sbiaxial specimens. The dotted line represents the 
rolling direction, the large dots represent primary cracks, and the small dots 
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Figure 3.18 Frequency distribution of the angles between the primary and 
secondary cracks in each Sbiaxial specimen. 
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Figure 3.19 Optical micrograph of a biaxially fractured and etched sheet 
specimen with 2D microstructure. Fracture initiated at the longest facet 
adjacent to the largest grain in the embrittled region. 
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3.3.2.2 Fracture in Bbiaxial Specimens 
Eight Bbiaxial specimens were fractured. The evolution of fracture was 
much more continuous in the 2D specimens while in the Sbiaxial specimens 
the cracks formed in fairly discreet increments of remote stress. In general, 
crack initiation and propagation was observed continuously in the range of 
biaxial stresses anywhere from 3 MPa to 20 MPa. Also, approximately twice as 
many independent cracks initiated during fracture in Bbiaxial specimens than 
the Sbiaxial specimens. In Figure 3.20, the evolving fracture in a typical 
Bbiaxial specimen is presented. The photographs were taken from the video 
monitor during the experiment at biaxial stress levels of 4.0 MPa, 5.7 MPa, 
and 9.0 MPa. Failure initiated by the coordinated fracture of several collinear 
and adjacent grain facets. In several specimens, two or three of these cracks 
appeared almost simultaneously at apparently random locations within the 
embrittled region. In most cases, if multiple cracks initiated simultaneously, 
they were approximately collinear. This initial collinearity is observed in the 
series of photographs of Figure 3.21. This Bbiaxial specimen was 
photographed at stress intervals of 4.4 MPa, 5.1 MPa, 6.7 MPa, and 18.0 MPa. 
Crack growth occurred by both the formation of new cracks between existing 
cracks and by the growth of existing cracks along approximately collinear 
facets at the crack tips. In general, the cracks which initiated independently of 
each other's crack tip stress fields propagated linearly with slight deviations 
due to the angles of the individual facets. 
The Bbiaxial specimens exhibited overall fracture behavior which was 








Figure 3.20 Optical micrographs showing the progression of crack initiation 
and propagation in a Bbiaxial specimen. The remote stress increments are 4.0 
MPa, 5.7 MPa, and 9.0 Mpa, 
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Figure 3.21 Optical micrographs showing the progression of crack initiation 
and propagation in a Bbiaxial specimen. The remote stress increments are 4.4 
MPa, 5.1 MPa, 6.7 MPa, and 18.0 MPa. Crack blunting events are marked with 
arrows. 
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1 nued. Figure 3.21 conti 
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Table 3.4 Angular deviation of primary and secondary cracks from the sheet 
rolling direction in the Bbiaxial specimens. 
Specimen# Primary Crack Secondary Crack Primary-
Angle (deg) Angles (deg) Secondary Crack 
Angles (deg) 
1 -22 3 25 
1 78 80 
1 -30 8 
1 75 83 
1 49 71 
1 60 82 
1 45 67 
1 57 79 
2 87 18 69 
2 79 8 
2 50 37 
2 5 82 
3 30 -27 57 
3 90 60 
3 80 50 
3 25 5 
3 63 33 
3 -35 65 
4 -80 -38 68 
4 -10 70 
4 -20 60 
4 -70 10 
5 20 -50 30 
5 -18 38 
5 -20 40 
5 -25 45 
5 -30 50 
6 65 55 35 
6 20 0 
6 -40 75 
6 0 65 
7 60 -40 55 
7 0 85 
7 65 5 
8 10 70 10 
8 10 50 
8 90 80 






















between primary and secondary cracks and the tensile strain (and as-received 
rolling) direction is documented in Table 3.4. In addition, the angle between 
primary and secondary cracks is also presented. In this series of fracture tests, 
the distinction between primary and secondary cracks was often not clear. For 
clarity, the first crack to initiate during fracture was considered the primary 
crack in this table. The data in Table 3.4 shows no apparent trends in the 
directionality of primary and secondary cracks relative to the straining 
direction. Also, the primary and secondary cracks are not orthogonal. 
In Figure 3.22, the angles of the fully formed cracks in each specimen 
are plotted versus the tensile strain direction. The large data points represent 
the crack which formed first in each specimen and the small data points 
represent the angles from the straining direction for the other 'secondary' 
cracks. The only trend apparent in Figure 3.22 is the collinearly of cracks 
observed in several specimens. This trend is also visible in Figure 3.23 where 
the frequency distribution for the angle between primary and secondary cracks 
in the Bbiaxial specimens is displayed. The peak at close to 0° indicates the 
high concentration of collinear cracks. The lack of orthogonality between 
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Figure 3.22 The angular deviation of primary and secondary cracks from 
the rolling direction for all Bbiaxial specimens. The dotted line represents 
the rolling direction. The large dots represent the first cracks, and the 
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Figure 3.23 The frequency distribution for the angle between the primary and 
secondary cracks in the Bbiaxial specimens. 
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3.3.2.3 Fracture in Tbiaxial Specimens 
Crack initiation and propagation in the Tbiaxial specimens of grain size 
comparable to the Bbiaxial specimens was similar. A typical example of the 
chronological crack propagation for a Tbiaxial specimen rolled 3% and 
recrystallized is shown in Figure 3.24. The collinear and independently 
initiated cracks are evident in the first photograph of Figure 3.24. The 
generally linear propagation and coalescence of cracks is evident in the second 
and third photographs. 
While the general fracture behavior was identical for the Tbiaxial 
specimens with both grain sizes, a trend was observed in the angular 
relationships between cracks and the grain size. This trend can be seen in 
Table 3.5 where the angles of primary and secondary cracks from the rolling 
direction are tabulated. As in Table 3.2 and Table 3.4, the angle between 
primary and secondary cracks is also documented in the last column. The 
majority of Tbiaxial specimens (specimens 1-7) had the 0.8 mm grain size. 
This smaller grain size resulted in higher orthogonality between cracks 
relative to the Bbiaxial specimens and also relative to the larger grained (2.0 
mm) Tbiaxial specimens (8-10) in the same table. In Figure 3.25, the angle 
from rolling direction for all the cracks in the Tbiaxial specimens is plotted. A 
lack of directionality in crack orientations is apparent relative to the Sbiaxial 
specimens. Significant crack orthogonality is evident in the first seven 
specimens which possess the smaller grain size. This greater crack 
orthogonality relative to the larger grained Bbiaxial set of specimens is readily 
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Figure 3.24 Optical micrographs showing the progression of crack initiation 
and propagation in Tbiaxial specimen. The remote stress increments are 8.0 




Figure 3.24, continued. 
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Table 3.5 Angular deviation of primary and secondary cracks from the sheet 
rolling direction in the Thiaxial specimens. 
Specimen# Primary Crack Secondary Crack Primary-
Angle (deg) Angles (deg) Secondary Crack 
Angles (deg) 
1 15 0 15 
1 -70 85 
1 50 35 
2 20 -70 90 
2 85 65 
2 10 10 
2 50 30 
3 0 70 70 
3 55 55 
3 60 60 
4 10 10 0 
5 70 -70 40 
5 -35 75 
5 -15 85 
5 90 20 
5 20 50 
6 -45 80 55 
6 65 70 
7 20 -65 85 
7 -60 80 
7 -70 90 
7 -80 80 
8 70 15 55 
8 0 70 
8 85 15 
8 70 0 
9 30 -40 70 
9 35 5 
9 -50 80 
10 45 -60 75 
10 -70 65 
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Table 3.5 Angular deviation of primary and secondary cracks from the sheet 
rolling direction in the Thiaxial specimens. 
Specimen# Primary Crack Secondary Crack Primary-
Angle (deg) Angles (deg) Secondary Crack 
Angles (deg) 
1 15 0 15 
1 -70 85 
1 50 35 
2 20 -70 90 
2 85 65 
2 10 10 
2 50 30 
3 0 70 70 
3 55 55 
3 60 60 
4 10 10 0 
5 70 -70 40 
5 -35 75 
5 -15 85 
5 90 20 
5 20 50 
6 -45 80 55 
6 65 70 
7 20 -65 85 
7 -60 80 
7 -70 90 
7 -80 80 
8 70 15 55 
8 0 70 
8 85 15 
8 70 0 
9 30 -40 70 
9 35 5 
9 -50 80 
10 45 -60 75 
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Figure 3.25 The angular deviation of primary and secondary cracks from the 
rolling direction for all Tbiaxial specimens. The dotted line represents the 
rolling direction, The large dots represent the first cracks, and the small dots 
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Figure 3.26 The frequency distribution of angles between the primary and 
secondary cracks in the Tbiaxial specimens. 
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apparent in the frequency distribution of angles between primary and 
secondary cracks for the Sbiaxial specimens shown in Figure 3.26. 
3.3.2.4 Crack Tip Blunting 
In the specimens with approximately 2D microstructures, crack tip 
blunting events were occasionally observed. Zero to three blunting events 
occurred in each Bbiaxial specimen. In contrast, only one blunting event was 
observed in all the Tbiaxial specimens. This event was observed during 
fracture of a Tbiaxial specimen with 2.0 mm average grain size. Blunting 
occurred when two independent cracks approached one another within one 
facet but did not coalesce. Crack tip blunting can be seen in the series of 
photographs shown in Figure 3.21 for the Bbiaxial specimen. Biaxial stress 
increments were 4.4 MPa, 5.1 MPa, 6.7 MPa, and 18 MPa. Several collinear 
cracks initiated almost simultaneously and propagated. Three cracks did not 
coalesce but were instead blunted. 
In typical Bbiaxial specimens, new cracks would initiate elsewhere and 
grow to mitigate the stresses at the crack tips of the blunted cracks. The 
blunted cracks in samples were separated from each other by only one or two 
grains. In the example shown in Figure 3.21, these blunted cracks are marked 
with arrows in the third photograph. 
SEM micrographs of the two blunting events indicated in Figure 3.21 
are shown in Figure 3.27. These micrographs were taken from the back, 
unpainted side of the specimen after fracture and are inverted relative to the 
fracture sequence shown earlier. The blunted cracks are separated by only one 
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or two facets. Significant plastic flow is evident in the vicinity of the crack 
bridge. This plastic flow indicated that the grains in the vicinity of the crack 
tip were not embrittled. 
Since approximately linear cracks encompassing tens of facets were 
often separated by only one grain, this phenomenon possessed attributes of 
crack bridging of a brittle material by a ductile phase. 
In the specimens where GBCD was determined, these blunting events 
were always associated with the presence of a low CSL oriented boundary. For 
example, in Figure 3.28, the back side of the specimen shown in Figure 3.21 
after fracture is presented. The two bridging events shown in Figure 3.27 are 
visible in the photograph. The grain boundary character map has been 
overlaid over the photograph such that the boundaries in each representation 
overlap. At the blunting event marked (a), I.1 and I.9 boundaries lie at the 
facets where crack blunting was observed. At the blunting event marked (b) 
I.3 and '1:.7 boundaries are adjacent to the crack tips of two cracks. In the other 
Bbiaxial specimen where the GBCD was determined, two blunting events 
were also observed. The unembrittled facets associated with these blunting 
events were determined to be a I:5 and I.33 CSL boundaries. 
111 
Figure 3.27 SEM micrographs of the crack blunting events observed in the 
photographs of Figure 3.21. (a) the center blunting event, and (b) the blunting 
event observed on the lower left of the fourth photograph in the figure. 
Micrographs were taken from the back, unpainted side of the sheets and are 
therefore inverted from Figure 3.21. 
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Figure 3.28 Caustic etched microstructure of the back of the Bbiaxial 
specimen shown in Figure 3.21. The grain boundary character map with 
CSL misorientations has been superimposed over the micrograph. 
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CHAPTER 4 - DISCUSSION 
4.1 Orientation dependence of First Fracture in Sbiaxial Specimens 
4.1.1 External Factors 
First fracture in the small grain, recovery annealed Sbiaxial specimens 
was found to be strongly directional. In approximately 75% of specimens, 
fracture was almost parallel to the rolling direction (RD) and in the other 25% 
fracture was almost parallel to the transverse direction (TD). The mechanical 
factors which could influence the direction of fracture can be ruled out. The 
equibiaxial loading conditions precluded any directionality to the applied 
stress. Although caustic etching of the surface smoothed out surface grooves 
formed during rolling, profilameter measurements parallel and 
perpendicular to the RD (direction of grooving) revealed an average surface 
groove depth of -1.Sµm compared to an overall surface roughness of -.Sµm. 
To determine the maximum possible stress enhancement due to the oriented 
surface grooves, simple fracture mechanics are invoked. If the grooves are 
approximated as surface cracks with depth a, then the stress intensity factor K1 
is found by 
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K1=1.12~ (4.1) 
where a is the biaxial stress. H the ratio of stress intensities is calculated with 
a.lRo = 1.5 µm and a 1 1 RD = .5 µm, then 
K.lRD = 1.73 
K11RD 
(4.2) 
This ratio is small, and it is severe since the cracks are smooth grooves, not 
sharp cracks. Further, since the grain size is -20 times larger than the scale of 
the surface grooves, and fracture is brittle intergranular, it is unlikely that the 
surface grooves alone can account for the observed crack directionality. 
Finally, while the grooving is correctly oriented to account for the cracks 
parallel to RD, it cannot account for the transversely oriented cracks. 
4.1.2 Microstructural Factors 
Since external factors cannot account for the observed crack 
directionality, the microstructure must play a role. Observation of fractured 
Sbiaxial sheets revealed no apparent aspect ratio in the grains relative to the 
rolling and transverse directions. Thus, grain morphology anisotropy effects 
can be ruled out. Two remaining factors which might explain the directional 
fracture are elastic anisotropy and directional grain boundary embrittlement 
anisotropy caused by the presence of strong crystallographic texture. 
As reported in the experimental results, a strong recrystallization 
texture was present in the Sbiaxial specimens. The primary textural 
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component was the {112}<111> C component. A secondary {123}<364> R 
component was also detected. The strong C component of the texture 
requires that a high proportion of {112} planes lie approximately parallel to 
the plane of the sheet. Also, {111} planes should lie perpendicular to the RD, 
and {011} planes should tend to lie parallel to RD. This anisotropy of plane 
orientations due to texture is illustrated schematically in Figure 4.1. The 
strong preferred orientation of these crystal planes relative to the sheet may 
cause the fracture behavior. 
The crystallographic texture which results in anisotropic distributions 
of the crystal planes results in sheet elastic anisotropy. In aluminum single 
crystals, the face centered cubic crystal structure possesses a relative elastic 
anisotropy equal to 
Ent 76.lGPa 
Eot t = 72.6GPa = l .048, 
or around 5% difference in elastic modulus between the 111 and 011 
directions. In the highly textured polycrystalline aluminum sheet, the 
modulus in the RD and TD approach Ent and Eon for a similarly oriented 
single crystal. Thus, under equivalent biaxial strain, biaxial stresses would in 
fact be -5% higher along the RD, resulting in early fracture in this direction. 
This analysis explains why fracture might occur in the transverse direction, 
but does not account for the most common direction of fracture parallel to the 
R.D. Also, the textured polycrystals deviate significantly from the orientation 
of a single crystal so that the actual modulus anisotropy was less than 5%. 
The second microstructural mechanism which can explain the 






Figure 4.1 Schematic representation for the primary texture component in 
the Sbiaxial sheets. 
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Grain boundaries which have {111} plane facets for both grains at the interface 
are speculated to possess lower free volumes compared to other random 
boundary facets [54]. This property would be independent of CSL 
misorientation. Since grain boundary free volume might be lower, these 
boundaries might be less prone to embrittlement. As a higher density of 111 
plane normals are expected parallel to the RD, then more grain boundaries 
with 111 facets normal to the RD are also expected. Under this scenario, 
cracks which form would tend to propagate parallel to the RD to avoid these 
less embrittled boundaries. Again, while this mechanism explains the more 
common cracks parallel to the RD, it does not explain the transverse cracks. 
CSL relationships might be expected to affect the directionality of crack 
propagation. Since CSL boundaries are determined by the density of 
coinciding lattice sites on interpenetrating lattices, they are independent of 
facet or grain boundary orientation relative to the sheet. This independence 
of CSL boundary interface orientation from rolling direction was documented 
in Figure 3.7 for ~1 boundaries. In sum, CSL boundaries also cannot account 
for the observed orientation dependence of fracture. 
Several mechanisms have been proposed to explain the observed crack 
directionality. The most probable mechanisms are a direct result of the 
crystallographic texture present in the specimens. No single mechanism can 
completely account for the directional fracture behavior. Rather, it is probably 
a combination of several mechanisms including others unknown at this 
point. 
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4.2 Mechanism of Crack Propagation in the Sbiaxial Specimens 
From the standpoint of current understanding of BIF in brittle 
materials, fracture in the Sbiaxial specimens was unusual. The initiation of 
multiple collinear cracks and their subsequent coalescence is not predicted by 
crack tip stress intensity factor concepts. In contrast, under LEFM, the first 
crack which initiates should have high local stress concentrations at the crack 
tips. This local stress enhancement results in linear propagation from the 
crack tips before other cracks can nucleate. In the Sbiaxial specimens, the 
mechanism which allows for multiple collinear crack nucleation appears to 
be crack tip blunting. 
4.2.1 Relating Crack Blunting in 2D and 3D Microstructures 
The events which lead to crack tip blunting in the Sbiaxial specimens 
can be inferred from study of the specimens with 2D microstructures. Two 
strong parallels were observed between the fracture of the Sbiaxial specimens 
and those with the 2D microstructures. The first parallel was initiation of 
multiple cracks. In both types of specimens, these multiple cracks coalesced to 
form the main cracks. The second parallel was the blunting of these 
coalescing cracks by individual facets in the 2D specimens and groups of facets 
in the Sbiaxial specimens. 
In the specimens with 2D microstructures, crack tip blunting was 
caused by the intersection of coalescing cracks with a 1:9 or lower CSL 
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boundary. This phenomenon was directly observed and documented in 
Figure 3.28. This map provides evidence that the low L CSL boundaries were 
not embrittled to the extent of the other boundaries and acted to blunt 
growing crack tips. SEM micrographs of these and similar blunted cracks 
reveal that in gallium-embrittled aluminum, low sigma CSL boundaries can 
be very effective crack arrestors. In Figure 4.2, tough facets surrounding the 
grain retarded crack growth to the extent that considerable plastic flow and 
ductile tearing occurred instead of failure at the CSL boundaries. This lack of 
embrittlement in CSL boundaries of high coincidence is reinforced by the lack 
of gallium spreading through the low L boundaries in Figure 3.11. 
As gallium was also the embrittling agent in the Sbiaxial specimens, 
crack tip blunting in these specimens must also be due to the presence of low 
L CSL boundaries. Unlike the specimens with 2D microstructures, the 
individual CSL facets in Sbiaxial specimens are small relative to the size of 
the advancing crack, and they probably exert a small individual influence on 
crack propagation. Since numerous crack blunting events were observed in 
each Sbiaxial specimen, they must have been caused by the collective effect of 
many CSL boundaries within specific regions in the sheet. Thus, many 
regions within the Sbiaxial sheet presumably possessed high concentrations 
of CSL boundaries relative to adjacent regions. This concept has support in 
the GBCD maps for the specimens with 2D microstructures in Figures 3.5 and 
3.6. Local regions of high CSL boundary density were also observed in these 
maps. Further, the crystallographic texture present in both 2D GBCD maps 
was low compared to the extent of texture in the Sbiaxial specimens. A 
higher density of CSL groups should be present in the Sbiaxial specimens due 
to the higher texture. In addition, concentration of CSL boundaries within 
Figure 4.2 SEM micrograph of a bridging grain in a Bbiaxial specimen. 
Note the extensive plastic flow and ductile tearing in the vicinity of the 
tough grain boundaries. 
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specific regions might also be higher, further reflecting the stronger texture. 
The increase in areas with high CSL density and the increase in CSL density 
within these regions results in many blunting events for the advancing 
cracks. These regions, such as the bridge shown in Figure 4.3, prevent the tips 
of approaching cracks from directly coalescing. Eventually, the large crack size 
relative to the blunting region allows the crack tips to grow around the 
blunting region and join. This is seen by the slight overlap of adjacent 
collinear cracks and the bridging material in between. 
4.2.2 Grain Size Effects on Crack Propagation 
4.2.2.1 Grain Size Effect on Orthogonality and Linearity of Cracks 
The relative orthogonality of primary and secondary cracks and also 
the average linearity of cracks was strongly dependent on the grain size. The 
relative orthogonality of cracks as a function of grain size is apparent in 
Figures 3.17, 3.22, and 3.25. As grain size increases, the level of crack 
orthogonality decreases. Similarly, the observed linearity of the cracks 
increases with decreasing grain size. These observations are justified as the 
cracks must propagate along the grain boundaries of the sheet. If the grain 
boundaries are large compared to the size of the embrittled region and the 
size of the crack, then they dominate the behavior. As grain size decreases, as 
in the smaller grain size Tbiaxial specimens relative to the Bbiaxial 
specimens, the effect of an individual facet on the total crack behavior 
becomes less dominant. As grain size decreases further, as in the Sbiaxial 
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Figure 4.3 SEM micrograph of the typical crack bridging which occurred in 
the Sbiaxial specimens. The bridging ligaments were formed from many 
small grains. 
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specimens, the deflection of an individual facet has little effect on the overall 
direction of crack propagation. 
These observations are corroborated by linear elastic fracture 
mechanics. As the grain size decreases relative to the specimen size, the 
concept of an isotropic homogeneous body becomes more accurate. Under 
LEFM, crack propagation should be linear, and secondary cracks should be 
orthogonal. 
The grain size was also observed to affect the incidence of blunting 
events in the various specimens. In the specimens with 2D microstructures, 
as grain size decreased, the number of blunting events decreased. As 
mentioned above, the decreasing grain size results in less dominance of 
single facets on the overall path of the crack. In the Tuiaxial specimens with 
smaller grain size, cracks propagated around blunting facets, whereas in the 
Bbiaxial specimens, the limited intergranular paths available to a propagating 
crack occasionally forced it to be blunted by a tough facet. The blunting events 
observed in the Sbiaxial specimens were due to the groups of blunting facets, 
rather than individual blunting events. 
4.3 Model for Crack Initiation and Growth in the Sbiaxial Specimens 
In light of the observations of fracture behavior in specimens with both 
2D and 3D grain morphologies, a model has been developed to describe and 
summarize the fracture behavior of the Sbiaxial specimens. The stages of this 
model are shown in Figure 4.4. The circles represent the embrittled region 







Figure 4.4 Model for the progression of fracture in the embrittled region of a 
biaxially loaded sheet with small grain size. 
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flaw initiates randomly within the embrittled region at a chemical or 
structural heterogeneity (a large grain). This flaw grows, but is quickly 
blunted by regions of high CSL boundary concentration and low 
embrittlement. This is shown in Figure 4.4(a). The orientation of this initial 
flaw is dictated by the texture in the sheet as discussed in section 4.1.2. This 
arrested crack causes a reduction in the effective area of the embrittled region 
along a thin line parallel to the flaw. Since many other nucleation sites were 
close to their initiation stress within this region, they begin to nucleate due to 
the reduced area and increased stress as shown in Figure 4.4(b). The small 
cracks initiate collinearly due to the higher stress state within the narrow 
reduced area parallel with the original fracture. These small cracks quickly 
propagate, are blunted, and coalesce to form the main crack in Figure 4.4(c) 
and (d). In all of the specimens tested, the main crack which formed passed 
through the diameter of the embrittled specimen. No clear explanation exists 
as to why the small cracks which form the primary crack initiate along the 
diameter of the embrittled region. 
After the primary crack has formed, much of the embrittled region is 
no longer loaded equibiaxially. In fact, due to the free edges provided by the 
central crack, the embrittled region adjacent to the primary crack becomes 
loaded uniaxially. Regions farther from the crack experience some biaxial 
loading, but not equibiaxial loading. Secondary cracks were observed to 
initiate in the Sbiaxial specimens at stresses on average 37% higher than for 
the biaxial specimens. This correlates very well with the change in the stress 
state from equibiaxial to almost uniaxial which involves a 35% decrease in 
the applied stress for a given change in strain. 
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In Figure 4.4(e), the secondary cracks have begun to form. Most initiate 
away from the free edges, as the biaxiality of loading and the stress state is a 
minimum at the free edges. Since the elastic strain energy is slightly higher 
away from the edges, initiation occurs there before initiation can occur at the 
free edge nucleation sites. In specimens with stress concentrators at the free 
edges, initiation did occur at those places. Figure 4.4(f) shows the growth of 
the secondary cracks again by the coalescence of many smaller collinear cracks. 
4.4 Comments on the Experimental Setup 
The primary goal of this investigation was to determine the effect of 
texture on the fracture behavior of gallium embrittled aluminum sheet. This 
was accomplished through fracture of both textured sheets and also the 
fracture of sheets with 2D microstructures. Several important phenomena 
were observed in the 2D microstructure which were subsequently applied to 
fracture in the Sbiaxial specimens. While attempts were made to quantify the 
fracture parameters where ever possible, this was found extremely difficult. 
This limited the amount of hard data summarized in the results. 
Nonetheless, the data that was quantified, in conjunction with the qualitative 
observations allowed development of a fairly detailed model for fracture in 
the embrittled Sbiaxial specimens. 
The cornerstone of microstructure quantification in the 2D specimens 
was the use of the EBSP technique. This important new technique allowed 
the measurement of -30 grain orientations per hour. This rate of grain 
orientation accumulation was much faster than that for any other comparable 
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method. Also, with the grain size too small for the Laue back reflection 
technique and too large for TEM, this technique is the only one available to 
provide grain orientations for a study of this nature. 
The production, embrittlement, and fracture of 2D specimens deserves 
some discussion on its own accord. A typical embrittled and fractured 
aluminum sheet specimen is shown in Figure 4.5. The two-dimensionality 
of the specimen is well observed. As discussed in the results, this specimen is 
typical of the other sheets with 2D microstructures in that the sheet is thin, 
the grains are large in size compared with the thickness of the sheet, and the 
grain boundaries are all approximately orthogonal to the plane of the sheet. 
The intergranular embrittlement of this sheet is also apparent in the 
fractograph. There is no indication of plastic flow in the grains. Also, the 
fractured grain boundaries are clearly visible. The selective embrittlement 
treatment was critical to the success of the project in that it allowed sheet 
specimens to equibiaxially loaded by transfer of stresses from the surrounding 
ductile regions. The surrounding ductile regions supported the remote stress 
after initial fracture so that the secondary fracture behavior could be observed. 
In addition, the application of gallium over the entire region of interest 
ensured that no gradients in gallium embrittlement existed over the 
embrittled region. 
The micrograph of Figure 4.5, and others throughout this work 
illustrate the unique nature of this system. No other system has been found 
in the literature which possesses the model properties of gallium embrittled 
aluminum sheet with 2D microstructure. In addition to providing a system 
to study the local biaxial fracture behavior and the effects of crystallographic 
texture in embrittled metals, this system also provides valuable insight into 
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Figure 4.5 SEM micrograph demonstrating the two-dimenstionality and 
brittle intergranular fracture typical of the gallium embrittled aluminum 
sheets prepared in this study. 
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the fracture behavior of ceramic materials. Several important parallels exist 
between gallium embrittled aluminum sheet and many structural ceramics. 
Obviously, both materials fail through BIF. Fracture often occurs along grain 
boundaries in ceramics due to a weak grain boundary phase as in this system. 
At high temperatures, ceramic materials often experience creep failure by the 
flow and rupture of intergranular glassy phases. These high temperature 
glassy phases closely resemble the gallium-aluminum eutectic in this system. 
Finally, the effects of grain boundary misorientations on the spread of these 
glassy phases in ceramics has been observed. This effect seems very similar to 
that of the aluminum-gallium system. In sum, the local fracture behavior of 
this experimental system might also be a good model for the local fracture 
behavior in ceramic materials. 
All in all, the production of 2D microstructures in aluminum sheet 
and their subsequent embrittlement with gallium and biaxial fracture satisfies 
the requirements for the second objective of this study. An experimental 
system has been produced which allows the observation of local fracture 
initiation and propagation in biaxially loaded embrittled metals. 
4.5 Future Research 
A primary goal of this investigation was to correlate crystallographic 
texture with fracture in embrittled specimens through the GBCD. This was 
partially accomplished through characterization and fracture of specimens 
with 2D microstructures. Unfortunately, since weak textures existed in these 
microstructures, a direct comparison between extent of texture and grain 
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boundary character effects on fracture could not be accomplished. Future 
research in this area could focus on producing 2D specimens with 
significantly stronger textures. Characterization and equibiaxial fracture of 
these specimens would provide better insight into the dependence of local 
crack propagation on texture and microstructure. In addition, production of 
2D specimens with strong rolling-type recrystallization textures would greatly 
facilitate comparison with the Sbiaxial type specimens. 
The system produced in this research has shown potential for 
observing the local fracture behavior of brittle materials with a new and 
unique perspective. The experimental system developed in this research 
project holds considerable promise for evaluation of current theories on crack 
behavior and the effects of texture on brittle fracture. Future research should 
take advantage of this system to investigate local fracture phenomena in 
aluminum-gallium and other embrittled metals to further understand brittle 
intergranular fracture in all materials which fail by that mechanism. In 
addition, the 2D microstructure of this system makes it amenable to computer 
modelling in simulations of grain boundary fracture. 
4.5.1 Computer simulations of BIF in 2D microstructures 
The complex nature of fracture in the embrittled specimens with 2D 
microstructure precludes the use of fracture mechanics to describe the 
behavior. On the other hand, finite element modelling with a fine mesh 
does possess the potential to reconstruct the evolution of fracture in the 
experimental specimens. In fact, the two-dimensionality of the system makes 
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it ideal for relating to 2D numerical simulations. Currently, this is being 
attempted in a collaboration with Prof. M. Ostoja at Michigan State 
University. 
The basis for the numerical simulation is the projection of an actual 
aluminum 2D microstructure on to a fine mesh grid as shown in Figure 4.6. 
In this lattice, the equilateral triangles which form the mesh have sides which 
are each assigned a value of stiffness and strength. Thus, a stiffness tensor can 
be calculated to describe the entire mesh. Where the 2D microstructure 
projection is overlaid over the mesh, those boundaries which intersect the 
projection are assigned a lower strength than other sides. This simulates the 
embrittlement of the grain boundaries in aluminum. Then the mesh is 
subjected to kinematic boundary conditions where a macroscopic strain is 
applied which corresponds to biaxial loading. The loading conditions are 
increased by increasing the macroscopic strain in discreet increments and 
allowing the entire mesh to reach a lowest energy equilibrium. During each 
iteration of increasing strain, a search is made for any sides which have their 
strength exceeded. These triangle sides are assigned a value equivalent to 
having their bond removed from the lattice. Grain boundary facets which are 
less embrittled due to CSL orientations can be incorporated into the mesh by 
increasing the relative strength of the grid bonds underneath those boundary 
projections. 
The major drawback of this approach is the inability to account for the 
crack tip and grain boundary corner stress concentrations. This has been 
shown to be a critically important aspect of the fracture in the 2D sheet. 
Hopefully, advanced versions of the simulation will be able to incorporate 
these stress concentrations into calculation of crack evolution. The strength 
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Figure 4.6 Fine finite element mesh overlaid with a 2D aluminum sheet 
microstructure. 
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of this numerical simulation developed in conjunction with the 
experimental fractured 2D microstructures is that the 2D microstructures are 
well described, well defined, and take into account many the complex 
interactions which occur in real materials. The 2D numerical simulation, 
though much simplified, is possibly capable of reproducing many of the 
fracture events which occurred in the actual aluminum sheet. In any event, 
the existence of the 2D fracture studies in embrittled aluminum presents a 
new source of experimental insight for 2D numerical simulations which 
model the fracture of materials which fail through BIF. 
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CONCLUSIONS 
1. Equibiaxial loading of liquid gallium embrittled aluminum sheets 
possessing {112}<111> recrystallization texture results in highly directional 
fracture. Cracks form approximately parallel or perpendicular to the rolling 
direction of the sheet. This directional fracture is a probably a consequence of 
the recrystallization texture. No satisfactory mechanism was found for this 
consistent behavior. 
2. Crack evolution occurred by the initiation and growth of multiple 
collinear cracks and their coalescence into an approximately linear main crack 
through the diameter of the embrittled region. Further loading results in the 
formation of secondary cracks by the same nucleation mechanism orthogonal 
to the primary radial crack. 
3. The growth of cracks in the small grain size embrittled sheets is well 
described by fracture mechanics principles except for the nucleation of 
multiple collinear cracks. This phenomenon is probably caused by regions of 
dense low CSL boundary concentrations which blunt growing cracks and lead 
to higher stresses along a narrow strip of embrittled region collinear with the 
forming cracks. 
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4. Liquid gallium embrittlement of the grain boundaries in aluminum 
polycrystals is anisotropic. If the coincident site lattice model is used to 
describe the relative energy of grain boundaries, then CSL boundaries with 
values of l:l to 1:9 were found less embrittled by equivalent gallium exposure 
than high l: (> 1:9) CSL boundaries and random, high angle boundaries. 
5. Multiple crack initiation, crack coalescence, and crack tip blunting was 
observed in embrittled sheets with 2D microstructures. Fracture initiated at 
random, high angle boundary facets adjacent to the largest grains in the 
embrittled region. Boundary facets which blunted advancing cracks possessed 
low l: coincident relationships. 
6. The overall effect of tough facets on crack initiation and propagation 
was strongly dependent on grain size. In the specimens with 2D 
microstructures, decreasing grain size resulted in easier crack propagation 
around unembrittled grains and no blunting events. Smaller grain size 
resulted in more linear crack propagation and higher orthogonality of 
primary and secondary cracks. Microscopic grain size resulted in many 
blunting events as the mechanism of blunting became high density regions of 
low CSL facets rather than unembrittled single facets. 
7. The use of 2D microstructures provides a unique perspective for 
analyzing the fracture of embrittled aluminum sheets under equibiaxial 
loading conditions. The EBSP technique provides a means of rapidly 
characterizing the overall texture and also nature of grain boundaries in the 
2D sheet specimens. This -system is a promising model for fracture in brittle 
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materials such as monolithic ceramics where test methods similar to those 
utilized in this investigation are impossible to implement. 
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